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In this work, molecular graft polymerization (bulk modification) was carried to 
synthesize stimuli-responsive polymeric materials. New graft copolymers, PAAc-g-
PVDF, P4VP-g-PVDF and PNIPAAM-g-PVDF, were successfully synthesized 
through the molecular graft copolymerization of acrylic acid (AAc), 4-vinylpyridine  
(4VP), N-isopropylacrylamide (NIPAAM) with the ozone-preactivated poly(vinylidene 
fluoride) (PVDF) backbone. The microporous membranes prepared from these stimuli-
responsive polymeric materials by phase inversion technique exhibit strongly pH- or 
temperature-sensitive properties.  
 
For the pH-sensitive PAAc-g-PVDF microfiltration (MF) membranes, the flux of the 
aqueous solution through the membranes exhibited a strong and reversible dependence 
on solution pH in the pH range of 1 to 6. The rate of permeation through the PAAc-g-
PVDF MF membranes changed reversibly in response to pH variation of the aqueous 
solution, with the most drastic change in permeation rate occurring between pH 2 to 4. 
For the temperature-sensitive PNIPAAM-g-PVDF MF membranes cast below the 
lower critical solution temperature (LCST) of the NIPAAM polymer (~ 32°C), the rate 
of water permeation increased substantially at a permeate temperature above 32°C. A 
reverse permeate temperature dependence was observed for the flux of isopropanol 
through the membrane cast above the LCST of the NIPAAM polymer. For the PAAc-
g-PVDF/PNIPAAM MF blend membranes, on the other hand, XPS analyses of the 
blend membranes revealed a substantial surface enrichment of the grafted AAc 
polymer and blended PNIPAAM. The copolymer blend membranes exhibited both pH-
dependent and temperature-sensitive permeability to the aqueous solutions, with the 
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most drastic change in permeability being observed at permeate pH between 2 to 4 and 
temperature around 32°C.  
 
The present studies have shown that molecular functionalization by graft 
copolymerization prior to membrane fabrication is a relatively simple approach for the 
preparation of membranes with uniform surface (including the pore surfaces) 
properties. Furthermore, the smart polymer brushes (PAAc and PNIPAAM side chains) 
can be used as physicochemical gates to control the permeability through the porous 
PVDF membranes.  
 
The ‘smart membranes’ can be also used as a polymeric matrix for enzyme 
immobilization. It was also demonstrated that the PAAc-g-PVDF MF membrane could 
be further functionalized by covalent immobilization of an enzyme, glucose oxidase 
(GOD). The immobilized GOD exhibited good chemical resistance, thermal and 
storage stability in a phosphate buffer solution (pH 7.4), and still retained substantial 
activity. 
 
On the other hand, UV-induced surface graft copolymerization of the Ar plasma-
pretreated PET films with AAc was carried out to generate the PAAc-g-PET surfaces. 
Immobilization of the galactose ligand on the PAAc-g-PET surface gave rise to a 
hepatocyte-specific surface with a high surface concentration of the flexible galactose 
ligands. Surface modification of PET substrates with galactose ligands allows a good 
control of the hepatocyte attachment, the cell-substrate interactions, and the 
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1.1 General Introduction of Synthetic Membrane 
In general, a membrane can be considered as a selective barrier between two phases. 
Mass transport of a component across the membrane occurs due to the presence of a 
driving force, which could be pressure, concentration or electrical difference. There are 
various ways of categorizing membrane materials. First of all, it could be categorized 
by its nature, i.e. biological or synthetic membrane. The latter can be subdivided into 
organic (polymeric or liquid) and inorganic (ceramic, metal, etc.) membranes. Here the 
synthetic polymeric membranes are emphasized.  
 
Secondly, membranes can be distinguished by their morphology. Roughly, two types 
of membrane structures can be distinguished: 
⎯ porous membrane 
⎯ non-porous membrane 
In porous membranes, fixed pores are present.  Microfiltration, ultrafiltration and 
nanofiltration membranes are all porous membranes (Howell et al., 1993). 
 
On the other hand, membranes could also be classified by their structures, depending 
on the symmetry in membrane thickness, leading to the categories of symmetric, 
asymmetric and composite membranes. Symmetric membranes could be either 
homogeneous (non-porous) or porous, with a uniform pore size and a thickness of 10 
to 200 µm. In this case, the mass transfer resistance is determined by the total 
membrane thickness. Asymmetric membranes consist of a thin, dense skin layer that is 
supported by a porous sub-layer. Both layers are made of the same material in a one-
step procedure. The surface layer with thickness ranges from 0.1-0.5 µm performs the 
separation, while the sub-layer provides the necessary mechanical strength. In this case, 
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the mass transfer resistance is determined largely by the thickness of the top layer. 
Therefore, this type of membrane has a lower membrane resistance as compared to the 
symmetric membrane. Composite membranes consist of a thin and dense skin layer, 
which is supported by a porous membrane, made of different polymeric materials. 
Generally, the supporting membrane is an asymmetric membrane by itself on which a 
thin dense layer is deposited, either via dip coating method, interfacial polymerization 
or plasma polymerization. The dense top layer is usually made of a material with high 
intrinsic selectivity while the sublayer is prepared from membrane material of high 
mechanical strength, regardless of its relatively poor selectivity performance. 
 
In terms of membrane formation, both symmetric and asymmetric membranes could be 
produced in different forms, namely flat sheet, tubular and hollow fibers. The simplest 
form is flat sheet, which is usually mounted in a so-called ‘plate-and-frame’ housing.  
In the present study, emphasis is being placed solely on polymeric flat sheet 
microfiltration membranes (symmetric membranes).  
 
1.2 Scope of the Thesis 
Porous membranes modified by grafting of responsive polymers have been extensively 
investigated (Osada et al., 1985; Okahata et al., 1986; Ito et al., 1990). However, most 
of the studies are focus on surface modification on existing porous membranes. In this 
work, a new technique involving molecular graft polymerization (bulk modification) is 
explored to provide a new generation of materials for membrane fabrication. The 
membranes prepared from the new functional polymeric materials by phase inversion 
exhibit stimuli-responsive properties. The work in this thesis is an attempt to prepare 
‘smart membranes’ and ‘smart surfaces’ via surface and molecular grafting techniques. 
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The applications of the ‘smart membranes’ and ‘smart surfaces’ on controlled 
permeation, enzyme immobilization and cell culture are investigated.  
 
Chapter 2 gives an overview of the related literature. It starts with the definition and 
the preparation methods of microporous membranes. It then goes into the preparation 
of stimuli-responsive membranes (smart membranes). Finally, it focuses on the 
applications of smart membranes and smart surfaces. 
 
In Chapter 3, molecular modification of ozone-pretreated poly(vinylidene fluoride) 
(PVDF) via thermally-induced graft copolymerization with acrylic acid (AAc) in N-
methyl-2-pyrrolidone (NMP) solution was carried out (the PAAc-g-PVDF copolymer). 
The microstructure and composition of the PAAc-g-PVDF copolymers were 
characterized by Fourier transform infrared (FT-IR) spectroscopy, X-ray photoelectron 
spectroscopy (XPS), elemental analysis, and thermogravimetric (TG) analysis. 
Microfiltration (MF) membranes were prepared from the PAAc-g-PVDF copolymers 
by the phase inversion method. Elemental analysis, XPS, scanning electron 
microscopy (SEM), Coulter® Porometer were used to characterize the bulk and surface 
properties of the PAAc-g-PVDF membranes. The rate of permeation through the 
PAAc-g-PVDF MF membranes changed reversibly in response to pH variation of the 
aqueous solution, with the most drastic change in permeation rate occurring between 
pH 2 to 4.  On the other hand, poly(4-vinylpyridine)-graft-poly(vinylidene fluoride) 
(P4VP-g-PVDF) copolymers were obtained by thermally-induced molecular graft 
copolymerization of 4-vinylpyridine (4VP). The effects of pH of the coagulation bath 
on the physicochemical and morphological characteristics of the PAAc-g-PVDF and 
P4VP-g-PVDF membranes were investigated. The surface compositions of the 
 4
membranes were determined by XPS. The surface graft concentration of the AAc 
polymer for the PAAc-g-PVDF MF membrane increased with decreasing pH value of 
the coagulation bath. A completely opposite pH-dependent behavior was observed for 
the surface graft concentration of the 4VP polymer in the P4VP-g-PVDF MF 
membranes. A substantial increase in mean pore size was observed for the PAAc-g-
PVDF MF membranes cast in basic coagulation baths of increasing pH. In the case of 
the P4VP-g-PVDF MF membranes, a substantial increase in mean pore size was 
observed for membranes cast in low pH (acidic) baths. The permeation rate of aqueous 
solutions through the PAAc-g-PVDF and P4VP-g-PVDF MF membranes exhibited a 
reversible dependence on the pH of the solution, with the membranes cast near the 
neutral pH exhibiting the highest sensitivity to changes in permeate pH.  
 
In Chapter 4, The PNIPAAM-g-PVDF copolymers were synthesized through 
molecular graft copolymerization of ozone-pretreated poly(vinylidene fluoride) (PVDF) 
with N-isopropylacrylamide (NIPAAM) in N-methyl-2-pyrrolidone (NMP) solution. 
The chemical structure and composition of the PNIPAAM-g-PVDF copolymers were 
characterized by FT-IR spectroscopy, elemental analysis, and thermogravimetric (TG) 
analysis. In general, the graft concentration increased with the NIPAAM monomer 
concentration used for graft copolymerization. Microfiltration (MF) membranes were 
prepared from the PNIPAAM-g-PVDF copolymers by the phase inversion method. 
The bulk and surface graft concentrations of the membranes were obtained by 
elemental analysis and XPS, respectively. XPS analyses of the copolymer membranes 
revealed a substantial surface enrichment of the grafted NIPAAM polymer. The pore 
sizes of the pristine PVDF and the PNIPAAM-g-PVDF membranes were measured 
using a Coulter® Porometer. The morphology of the membranes was studied by SEM. 
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The membrane surface composition, mean pore size and morphology varied with the 
temperature of the casting bath.  For the copolymer membrane cast below the lower 
critical solution temperature (LCST) of the NIPAAM polymer (~ 32°C), the rate of 
water permeation increased substantially at a permeate temperature above 32°C. A 
reverse permeate temperature dependence was observed for the flux of isopropanol 
through the membrane cast above the LCST of the NIPAAM polymer. 
 
In Chapter 5, pH- and temperature-sensitive microfiltration (MF) membranes from 
blends of the PAAc-g-PVDF copolymer and poly(N-isopropylacrylamide) (PNIPAAM) 
in NMP solution were prepared by phase inversion in water at 25°C. The bulk and 
surface compositions of the membranes were obtained by elemental analysis and XPS, 
respectively. XPS analyses of the blend membranes revealed a substantial surface 
enrichment of the grafted AAc polymer and blended PNIPAAM. The thermal stability 
of the PAAc-g-PVDF/PNIPAAM blend membranes was investigated by TG analysis. 
The miscibility of the PAAc-g-PVDF/PNIPAAM blend membranes was studied by 
differential scanning calorimetry (DSC) analysis. The polycrystallinity of the blend 
membranes was evaluated by X-ray diffraction (XRD) analysis. The pore sizes of the 
blend membranes were measured using a Coulter® Porometer II apparatus. The 
morphology of the membranes was studied by SEM. The copolymer blend membranes 
exhibited both pH-dependent and temperature-sensitive permeability to the aqueous 
solutions, with the most drastic change in permeability being observed at permeate pH 
between 2 to 4 and temperature around 32°C.  
 
In Chapter 6, the applications of smart membranes (PAAc-g-PVDF MF membranes) 
and smart surface (PAAc-g-PET surface) were investigated. First of all, the PAAc-g-
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PVDF MF membranes were used as substrate carriers for the immobilization of 
glucose oxidase (GOD), an enzyme which can be used to catalyze the oxidation of 
glucose. The immobilization proceeded via amide linkage formation between the 
amino groups of GOD and the activated carboxyl groups of the AAc polymer side 
chains on the surfaces, including the pore surfaces, of the PAAc-g-PVDF MF 
membrane. The surface composition of the membranes before and after enzyme 
immobilization was studied by XPS. The amount of the immobilized GOD, as 
determined by the dye interaction method, increased linearly with the concentration of 
AAc polymer side chains on the membrane surface. The reduction in activity of the 
immobilized GOD was considered to be due to, among other factors, diffusion 
limitation and steric hindrance. In comparison with the free enzyme, the immobilized 
enzyme was less sensitive to temperature and pH deactivation. The kinetic parameters 
of the enzyme reaction, the Michaelis constant (Km) and the maximum reaction 
velocity (Vmax), were also determined. The immobilized GOD exhibited a significantly 
enhanced stability during storage in buffer solution over that of the free enzyme. The 
results obtained showed that the PAAc-g-PVDF MF membranes are suitable substrate 
carriers for the immobilization of glucose oxidase. Secondly, surface modification of 
argon plasma-pretreated poly(ethylene terephthalate) (PET) films via UV-induced 
graft copolymerization with acrylic acid (AAc) was carried out. Galactosylated 
surfaces were then obtained by coupling a galactose derivative (1-O-(6’-aminohexyl)-
D-galactopyranoside) to the AAc graft chains with the aid of a water-soluble 
carbodiimide (WSC) and N-hydroxysulfosuccinimide (sulfo-NHS). The modified PET 
films were characterized by XPS, atomic force microscopy (AFM) and water contact 
angle measurements. The galactosylated PET films were used as substrates for 
hepatocyte culture. The effects of surface carboxyl group concentration on the extent 
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of galactose ligand immobilization, the extent of hepatocyte attachment, and the 
surface morphology were investigated. The amount of the galactose ligands 
immobilized on the PET surface increased with the AAc polymer graft concentration. 
AFM images revealed that the surface roughness of the PET film increased after graft 
copolymerization with AAc, but did not change appreciably with the subsequent 
immobilization of the galactose ligands. At the surface carboxyl group concentration 
of about 0.56 µmol/cm2, or galactose ligand concentration of about 0.51 µmol/cm2, the 
hepatocyte culture on the galactosylated surface exhibited the optimum concentration 
and physiological functions, and formed aggregates or spheroids after just one day of 
culture. The albumin and urea synthesis functions of these hepatocytes were 



















2.1 Preparation of Microporous Membranes 
2.1.1 Definition of Microporous Membranes 
The majority of today’s membranes used in microfiltration (MF), ultrafiltration (UF) 
or reverse osmosis (RO) consists of a symmetric or asymmetric microporous structure. 
In the case of asymmetric structure, a more or less dense skin is present on the surface. 
The distinction among the three types of membranes lies primarily in the size 
distribution of the membrane pores. In order to avoid confusion the definition of pore 
sizes as adopted by the IUPAC (1985) will be used. 
⎯ macropores, >50 nm; 
⎯ mesopores, 2< poresize<50 nm; 
⎯ micropores, <2 nm. 
 
Microfiltration membranes contain macropores (pore range ≈ 0.05-5 µm), 
ultrafiltration membranes contain mesopores (pore range ≈ 2-50 nm) and nanofiltration 
and reverse osmosis membranes containing micropores (pore range <2 nm). 
 
2.1.2 Development of Microporous Membranes  
The first synthetic MF membrane (out of nitrocellulose) was probably made in 1855 
(Fick, 1855). But it was not until the early 1900s that Bechhold (Bechhold, 1907) 
began to sort out the variables affecting membrane characteristics. He was the first to 
produce a graded series of MF membranes with varying permeability. To estimate pore 
diameter, he measured the air pressure required to overcome capillary forces and expel 
water from water-wet pores (referred to as the “bubble-point” measurement today) and 
the water flow rate as a function of pressure. Using the capillary equation and 
Poiseuille’s law, he was able to obtain the pore size. 
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In 1918, the manufacturing technology for production of nitrocellulose and cellulose-
ester membranes on a semi-commercial scale was developed (Zsigmondy and 
Bachmann, 1918). In 1927, the Saartorius-Werke Aktiengesellschaft and Company 
refined the Zsigmondy process and began commercial production of membrane filters 
on a small scale. However, the product was only of interest to the research community. 
In 1947, the membrane filter techniques suitable for the bacteriological analysis of 
water were invented in Germany (Muller, 1947). The U.S. improved the techniques 
based on a report about Germany’s membrane technology (Goetz, 1947) and 
developed new production methods capable of producing membranes with improved 
flow rates and uniformity of pores. After that, the Chemical Corps funded the 
development of manufacturing technology for the production of these membranes at 
the Lovell Chemical Co., Watertown, Massachusetts. In 1954, the manufacturing 
equipment developed was sold to the newly formed Millipore Corporation. Within 
months, Millipore had set up to produce eight different pore sizes, from below 0.1 
microns to 10 microns. However, the first major market did not emerge until 1957 
when the U.S. Public Health Service and the American Water Works Association 
officially accepted the membrane filter procedure for recovery of coliform bacteria. 
Prior to 1960, only isotropic or slightly anisotropic phase inversion membranes were 
known. Large scale use did not become possible for reverse osmosis and ultrafiltration 
until asymmetric membranes were prepared. The breakthrough in industrial 
applications of membranes was the development of the first skinned membrane (an 
asymmetric cellulose acetate membrane) (Sourirajan and Loeb, 1962). After that, the 
development of microporous membranes entered into the golden age. Most 
conventional microfiltration membranes have a symmetric or only slightly asymmetric 
structure. The advantages of membrane asymmetry are well known from reverse 
 12
osmosis and ultrafiltration membranes; for example higher flux values and lower rate 
of flux decay are obtained generally. Highly asymmetric microfiltration membranes 
have become available since 1980s (Kesting et al., 1981; Wrasidlo and Hofmann, 1984; 
Le et al., 1984). As new applications began to emerge, the need for membranes with 
improved chemical resistance and heat stability prompted investigations of other 
materials and methods of fabrication. Today there is a wide variety of media available. 
 
2.1.3 Polymeric Membrane Materials 
In designing a membrane, one must first determine the physicochemical nature of the 
permeants (gas, vapor, liquid, solid; dispersive, polar, ionic; reactive, inert; physical 
size and shape). Then two factors will be considered to control over permeation: 
membrane material selection and membrane preparation procedures. 
 
The choice of membrane materials is an important factor affecting the membrane 
applicability in a particular treatment process. In short, the membrane materials could 
be either organic polymer or inorganic materials. In the present study, however, 
emphasis is being placed solely on organic polymer. In general, membrane materials 
selective should follow some important criteria: 
⎯ Its commercial availability; 
⎯ Its chemical and physical stability in a range of operating conditions, i.e. chemical 
resistance to acid, alkaline or solvent and thermal stability; 
⎯ It has to be able to dissolve in a suitable solvent, or be able to withstand stretching. 
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Table 2.1 shows the most important polymeric membrane materials used today in 
pressure driven processes. Properties of some special classes of polymeric membrane 
materials are described as follows: 
 
Table 2.1 A Survey of Materials for Commercial Polymer Membranes  




Polypropylene (PP) MF 
Poly(tetrafluoroethylene) (PTFE) MF 
Poly(vinylidene fluoride) (PVDF) MF, UF 
Cellulose nitrate (CN) MF 
Cellulose acetate (CA) MF, UF, RO 
Cellulose triacetate (CTA) RO 
Aliphatic polyamide (Nylon 6, Nylon 6,6) MF, UF 
Aromatic polyamide MF, UF, RO 
Polysulphone (PSp) MF, UF 
Polyethersulphone (PES) MF, UF 
Polyimide (PI) MF, UF, RO 
Polybenzimidazole (PBI) RO 
Polyetherimide (PEI) MF, UF 
Polyvinylalcohol (PVA) MF, UF 
Polyacrylonitrile (PAN) UF 
Polyacrylonitrile/polyvinylchloride copolymer (PAN-PVC) MF, UF 
Polycarbonate (PC) MF 
Polyetheretherketone (PEEK) MF, UF 
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Cellulose acetate (CA). This group of materials was one of the first materials to be 
used for membrane preparation. The first asymmetric reverse osmosis membrane was 
produced by it (Sourirajan and Loeb, 1962). The advantage of cellulose acetate is that 
it is relatively inexpensive and hydrophilic, which results in a good resistance to 
fouling. Despite its outstanding membrane properties, cellulose acetate is very 
sensitive to thermal, chemical and biological degradation. To avoid such degradation, 
it will be used in a narrow range of pH and temperature. 
 
Polyamide (PA). This material is being widely used for reverse osmosis and 
nanofiltration (Childress and Elimelech, 2000; Labbez et al., 2003). Typically, a pH 
range of 2 to 12 can be exploited for cleaning and the process temperature can rise up 
to 70°C. However, this membrane has very low tolerance to free chlorine and it is 
easily fouled. 
 
Polysulphone (PS). This material has been widely used in membrane fabrication 
(Vaussenat et al., 2000; Teixeira and Rosa, 2003). It has good chemical and 
temperature stability; with maximum tolerable operating temperature up to 80°C. 
Although it shows some tolerance to chlorine, prolonged exposure or contact with high 
chlorine concentration can cause cracking of the membrane. 
 
Polyethersulphone (PES). It has similar chemical and thermal limits as polysulphone. 
It has been widely used as the basic material for ultrafiltration membranes (Jonsson et 
al., 1997) and as support materials in the fabrication of composite membranes (Zeng 
and Ruckenstein, 1996). 
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Polytetrafluoroethylene (PTFE). PTFE is a highly crystalline hydrophobic material 
with excellent thermal stability. Also, it shows good chemical resistance due to its 
insoluble nature in common solvents; hence, it could not be formed using the phase 
inversion technique. Instead, PTFE membranes are often prepared by stretching 
technique (Kurumada, 1998; Kitamura, 1999). 
 
Polypropylene (PP). It is also an excellent solvent resistance polymer in isotactic 
configuration with high hydrophobicity. PP membranes are often produced using 
stretching technique (Mei et al., 2002). 
 
Poly(vinylidene fluoride) (PVDF). PVDF is another hydrophobic polymeric material 
with good solubility in common solvents such as dimethylacetamide (DMAc), 
dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP). Despite its similar pH 
and temperature limits as polysulphone, it has a much greater tolerance to oxidizing 
agents such as chlorine. Poly(vinylidene fluoride) (PVDF) has been known since the 
1960’s for its excellent mechanical and physicochemical properties. PVDF has a very 
simple chemical formula, —CH2—CF2—, intermediate between polyethylene (PE) —
CH2—CH2— and polytetrafluoroethylene (PTFE) —CF2—CF2—. This simplicity of 
chemical structure gives both flexibility (as much as PE) and some sterochemical 
constraint (as seen in PTFE) to the main chain structure of PVDF. Because of these 
structural characteristics, PVDF takes many types of molecular and crystal structures, 
which change depending on the preparation conditions of the samples. Although the 
chemical structure of PVDF is relatively simple, the monomeric unit has a 
directionality of CH2 (head) —CF2 (tail). Thus a structural irregularity of head-to-head 
and tail-to-tail linkage of monomers is introduced more or less into the skeletal chain. 
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This type of irregularity affects the structural stability of the crystal modifications 
significantly. That is, introduction of some structural irregularity or other kind of unit 
as a comonomer may give us a good chance to modify the sterochemical structure of 
PVDF and to improve the physical properties. It has found wide spread industrial 
applications and research interests (Seiler and Scheirs, 1998; Stevens, 1999). Its 
piezoelectric properties have also been widely investigated (Tadokoro, 1984; Hahn  
and Wendorff, 1985). PVDF membranes could be prepared by phase inversion method 
(Munari et al., 1983; Jian and Pintauro, 1993; Lin et al., 2002). The PVDF membranes 
are widely used in microfiltration (MF) and ultrafiltration (UF) due to their excellent 
processability, chemical resistance, well-controlled porosity and good thermal property.  
 
In terms of chemical resistance, PVDF can withstand harsh chemicals attacks 
including most acids, organic bases, halogens, oxidizing agents, inorganic salts 
(Kroschwitz, 1987) and solvents (except acetone and highly polar solvents). Also, it 
has useful mechanical integrity from -60 to 150°C with high heat-deflection 
temperature. Most important of all, its hydrophobicity nature highlights its potential 
application in oil/water separation, membrane based gas absorption or stripping, and 
membrane distillation processes. Last but not least, PVDF can be easily fabricated into 
microporous asymmetric membranes with a lower mass transfer resistance using the 
dry-wet phase inversion method. These attractive features are among the many reasons 






2.1.4 Preparation Techniques of Polymeric Microporous Membrane 
The ability of a membrane to regulate permeation lies not only in the selection of an 
appropriate membrane material, but also in the physical structure of the membrane. 
The physical structure and the physical properties of a membrane can be directly 
related to membrane preparation procedures. Various methods can be used to prepare 
synthetic polymeric microporous membranes such as sintering, stretching, track-
etching, and phase inversion. Table 2.2 gives the main preparation techniques and the 
effect of the preparation technique on the morphology. 
 
Table 2.2 Preparation Techniques for Microfiltration Membranes 
 
 
Process Structure Porosity Pore Size Distribution 
Sintering symmetric low/medium narrow/wide 
Stretching symmetric medium/high narrow/wide 
Track-etching symmetric low narrow 
Phase inversion asymmetric medium high 
 
However, most of the commercial (crossflow) microfiltration membranes are prepared 
by phase inversion techniques, either by immersion precipitation or by thermal induced 
phase separation. Microfiltration membranes show high surface porosities which can 
range up from a few percentages to about 80%. Only the membranes prepared by 
track-etch techniques show very low porosities (lower than 20%).  
 
2.1.5 Phase Inversion Techniques 
The phase inversion process is the most versatile membrane preparation process. In 
this process the polymer is transformed in a controlled manner from the liquid state 
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(polymer solution) to the solid state. The process of solidification is the interplay 
between diffusion kinetics and solution thermodynamics (Cohen et al., 1979; Krantz et 
al., 1986). A detailed description of the phase inversion process can be found in “Basic 
Principles of Membrane Technology” (Mulder, 1991). The basic concept of most 
phase inversion processes is a ternary system consisting of polymer, solvent and non-
solvent, as depicted schematically in Figure 2.1. In general, the preparation involves 
several steps: (1) choice of a correct polymer; (2) choice of a proper solvent and/or 
solvent + cosolvent and/or additives; (3) casting of the dope prepared; (4) partial 
evaporation; (5) coagulation: choice of the bath and its operating condition; (6) 













2.1.5.1 Precipitation by Controlled Evaporation 
This is one of the oldest techniques for preparing membranes and was widely studied 











Figure 2.1 Phase diagram of a ternary system showing a one-phase region and a 
two-phase region (shaded area). 
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solvent and a less volatile non-solvent. By evaporation (mainly the solvent evaporates) 
the polymer solution shifts to the demixing region and finally phase separation occurs 
resulting in a porous membrane (microfiltration/ultrafiltration). 
 
2.1.5.2 Precipitation from the Vapor Phase 
This method was developed in the beginning of the 20th century (Zsigmondy and 
Bachmann, 1918). Here the non-solvent is introduced via the vapor phase (Strathmann 
et al., 1975). A polymer solution is cast as a film and placed in an atmosphere with 
water vapor. The water (non-solvent) diffuses into this film and finally demixing 
occurs resulting in a microfiltration/ultrafiltration membrane. Porosity and pore sizes 
can be varied by the choice of solvent and the polymer concentration in the solution. 
 
2.1.5.3 Thermally-induced Phase Separation (TIPS) 
One of the most significant developments in phase inversion techniques is the 
invention of the thermal process by Castro (Castro, 1980). In this technique, a polymer 
(typically a polyolefin or a polyfluorocarbon) is dissolved (in the case of highly 
crystalline polymers above its melting point) and by cooling demixing will take place 
(Lloyd et al., 1990; Lloyd et al., 1991). TIPS has been used to form microporous 
polymeric membranes of controlled pore characteristics from a variety of crystalline 
and thermoplastic polymers, including polyolefins, condensation and oxidation 
polymers, copolymers, and blends (Vitzthum and Davis, 1984; Caneba and Soong, 
1985). Commercially available TIPS polypropylene membranes have proved useful in 
cross-flow microfiltration (Schneider and Klein, 1982) and plasmapheresis (Henne, 
1983), and are being investigated for possible use in membrane distillation (Schneider 
and van Gassel, 1984).  
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2.1.5.4 Immersion Precipitation 
Phase separation is a widely used method for making microporous polymer 
membranes. Most of the membranes used in microfiltration, ultrafiltration and as 
support material for composite membranes are prepared by immersion precipitation 
(Strathmann et al., 1971; Koenhen et al., 1977; Reuvers and Smolders, 1987; Bottino 
et al., 1991; Lin et al., 2002). The basic process of immersion precipitation can be 
carried out with three components. Solvent and polymer are used to prepare the casting 
solution and nonsolvent is used as the coagulation bath. In this process, a viscous 
casting solution is first cast on a suitable support, and then immersed in a nonsolvent 
bath. The precipitation occurs due to the exchange between solvent and the nonsolvent. 
Depending on the rate of polymer precipitation, there are three types of membranes 
can be obtained: (a) symmetric, with an almost even porosity across the membrane 
cross-section; (b) asymmetric, with a selective thin microporous upper layer (skin) on 
a thicker macroporous globular or spongy sub-layer; (c) asymmetric, with large voids 
and/or finger-like cavities beneath the microporous upper layer. At a low precipitation 
rate, the membranes of type (a) are obtained. With the increase of precipitation rate, 
the structure of the obtained membrane changes from type (a) to type (c), with type (b) 
as an intermediate structure. In general, the formation process of the membrane can be 
split into three parts: (a) Composition changes in the polymer solution before 
immersion into a coagulation bath, by evaporation; (b) Composition changes in the 
polymer solution after immersion into a coagulation bath prior to possible demixing 
processes; (c) Demixing processes which take place when the composition of the 
polymer solution becomes metastable. The mechanism of membrane formation by 
immersion precipitation has been widely investigated (Strathmann, 1977; Wijmans et 
al., 1983; van den Boomgaard et al., 1990; Boom et al., 1992). 
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2.2 Preparation of Stimuli-responsive Microporous Membranes 
Membrane science and technology in the last twenty years have had an impressive 
growth, confirming their potential to contribute to the solution of crucial problems of 
the world today and to sustainable industrial development. However, most of the 
membranes that play important roles in modern technology are designed in such a way 
that their permeation properties do not depend on their environment. On the contrary, 
the membrane of biological cells senses environmental changes and dynamically alters 
its characteristics in response to the environmental change. Therefore, much attention 
has been recently directed to the development of more sophisticated membranes that 
can regulate the permeability in response to environmental changes. On the other hand, 
the fact that membranes can be used not only for molecular separations but also for 
carrying out reactions, in the same way as living organism achieve their biochemical 
transformations, has attracted and is attracting the interest of scientists and engineers. 
 
2.2.1 Stimuli-responsive Polymer and Smart Polymer Brush 
Considerable researches have been focused on polymeric materials which change their 
structures and functions in response to external chemical or physical stimuli, such as 
changes in pH (Chung et al., 1996; Iwata et al., 1998), ionic strength (Nonaka et al., 
2003), temperature (Park et al., 1998; Peng and Cheng, 1998), or electrical potential 
(Jaworek et al., 1998). These materials are termed “smart polymers”. The responses of 
smart polymers toward the above described stimuli induce several kinds of changes 
such as phase, shape, surface energies, permeation rate, reaction rate and molecule 
recognition. For instance, poly(acrylic acid) (PAAc), a typical polyelectrolyte, is 
particularly useful for sensing and modulating external chemical signals, because it 
changes the chain extension according to electrostatic interactions between charged 
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groups which are sensitive to pH and ionic strength of the aqueous media (Iwata et al., 
1998). Poly(N-isopropylacrylamide) (PNIPAAM), on the other hand, is the most 
widely studied thermo-sensitive polymer (Hirotsu et al., 1987; Hahn et al., 1998; Ebara 
et al., 2000). It exhibits a lower critical solution temperature (LCST) at around 32°C in 
aqueous solution (Heskins et al., 1968). Below the LCST, it adopts an extended 
random coil conformation. As the temperature is increased, the hydrogen bonds 
weaken, with the concomitant release of water of hydration. The hydrophobic 
interaction tend to overcome the hydrophilic interaction, leading to a coil-to-globule 
transition and finally to phase separation. Introduction of stimuli-responsive polymeric 
materials into both artificial materials and bioactive compounds (peptides, proteins, 
nucleic acids, and others) permit modulation of their structure induced by 
corresponding external stimuli. “On-Off” switching of their respective functions, thus, 
can be achieved at molecular level (Okano and Yoshida, 1993; Okano et al., 1994; 
Hoffman, 1995). Various types of smart polymeric systems, such as signal-responsive 
interpenetrating polymer network (IPN), polymer gels, and membranes have been 
devised (Ju et al., 2001; Alvarez-Lorenzo and Concheiro, 2002; Chu et al., 2001). 
Among them, porous membranes with ‘smart polymer brush’ are of particular interest 
due to their excellent mechanical strength and quick response to external stimulus.  
 
Polymer brushes (or tethered polymers) attracted attention in 1950s when it was found 
that grafting polymer molecules to colloidal particles was a very effective way to 
prevent flocculation (van der Waarden, 1950; Mackor and van der Waals, 1952). After 
that, it was found that polymer brushes could be useful in other applications such as 
new adhesive materials (Raphael and de Gennes, 1992; Ji and de Gennes, 1993), 
protein-resistant surfaces (Mok et al., 1994; Hester et al., 1999), chromotographic 
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devices (Van Zanten, 1994), lubricants (Joanny, 1992), polymer surfactants and 
polymer compatibilizers (Milner, 1991).  
 
On the other hand, permeation properties of commercial porous membranes are often 
independent on the environment. Therefore, surface or bulk treatments are often used 
to endow the porous membranes with environmental-responsive properties. Smart 
polymer brushes as physicochemical ‘gates’ to control the permeability through porous 
membranes are of great interest in recent years. pH-sensitive, temperature-sensitive, 
photosensitive, oxidoreduction-sensitive polymer brushes covalently tethered on 
porous membranes have been widely investigated (Iwata and Matsuda, 1988; Iwata et 
al., 1991; Ito et al., 1997a; Ito et al, 1997b; Ito et al., 1997c). 
 
2.2.2 Surface Grafting of Smart Polymer Brushes on the Existing Microporous 
Membranes 
The well-known surface modification methods include physical adsorption (Brink et 
al., 1993), surface coating (Wang et al., 2001; Nunes et al., 1995), and surface grafting 
(Uchida et al., 1994; Gancarz et al., 1999). During these processes, stimuli-responsive 
polymer brushes can be chemically-grafted or physically-adsorbed onto solid polymer 
supports, and then one can rapidly change surface film thickness, wettability, or 
surface charge in response to small changes in stimuli such as solution temperature, pH 
or specific ionic concentrations. These responses can be much faster than for solids 
such as hydrogels since the surface coating can be very thin. Permeation “switches” 
can be prepared by coating or grafting “smart” polymers onto the surfaces of pores in a 
porous membrane, and stimulating their swelling (to block the pore flow) or collapse 
(to open the pore to flow). Surface grafting has advantages over other methods in 
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several points, including easy and controllable introduction of graft chains with a high 
density and exact localization of graft chains to the surface with the bulk properties 
unchanged. Furthermore, covalent attachment of graft chains onto a polymer surface 
avoids their detachment or removal, and makes the introduced chains robust and 
resistant to common chemical environment, in contrast to physically coated polymer 
chains. Thus, the substrate can provide mechanical strength and dimensional stability, 
while the graft polymer provides the responsive characteristics by altering its 
conformation and physical structure with the changing environmental conditions.  
 
The surface grafting methods can be generally divided into two categories: (1) grafting 
of polymer brushes to a solid substrate; (2) grafting from a substrate using a 
polymerization process initiated from the solid surface. “Grafting to” approach refers 
to the process of covalent immobilization of preformed, end-functionalized polymer 
brushes onto a suitable substrate surface containing special functional groups. The 
covalent bond formed between surface and polymer chain assures the long-term 
stability of the introduced polymer brush. This method has been used often in the 
preparation of polymer brushes (Emoto et al., 1996; Park et al., 1998). End-
functionalized polymers with a narrow molecular weight distribution can be 
synthesized by living anionic, cationic, radical, group transfer and ring opening 
metathesis polymerizations. The substrate surface also can be modified to introduce 
suitable functional groups by coupling agents or self-assembly monolayers (SAM) 
(Zhao and Brittain, 2000). However, the application of the “grafting to” approach is 
limited due to the kinetic reasons. Usually, macromolecular chains must diffuse 
through the existing polymer film to reach the reactive sites on the surface. This barrier 
becomes more pronounced as the tethered polymer film thickness increases. Thus the 
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polymer brush obtained has a low grafting density and low film thickness (Sidorenko 
et al., 1999). To circumvent this problem, investigators have used the “grafting from” 
approach, which has become more attractive in preparing thick, covalently tethered 
polymer brushes with a high grafting density. “Grafting from” can be accomplished by 
treating a substrate with plasma, glow-discharge or UV irradiation to generate 
immobilized initiators followed by surface polymerization. The “grafting from” 
approach has attracted considerable attention in recent years in the preparation of 
tethered polymers on a solid substrate surface (Ulbricht and Oechel, 1996; Peng and 
Cheng, 1998; Peng and Cheng, 2000). The initiators are immobilized onto the surface 
followed by in situ surface initiated polymerization to generate tethered polymers. The 
immobilization of initiators on the substrate surface can be achieved by treating the 
substrate with plasma or glow-discharge in the presence of a gas or forming initiator-
containing SAMs on the substrates (Suzuki et al., 1986; Prucker and Ruhe, 1998; 
Biesalski and Ruhe, 1999). In the following section, the emphasis will be on the 
“grafting from” approach. 
 
Surface grafting (grafting from) commonly includes two processes: surface activation 
and graft copolymerization. Due to the absence of chemically reactive functional 
groups on most polymer substrate surfaces, the activation process is to create polar 
groups sites on them that can yield radicals in the successive initiation reaction. The 
generated peroxides and hydroxyperoxides (and minor functional groups such as 
carbonyl and carboxylic groups) (Yamakawa, 1976; Suzuki et al., 1986; Zhili and 
Chapiro, 1993;), in particular, are capable of initiating radical polymerization of vinyl 
monomers, resulting in surface-grafted polymer chains. Practically, UV (Allmer et al., 
1989; Allmer et al., 1990), high-energy electron, γ-ray irradiation, plasma treatment 
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(Kang et al., 1992a; Tan et al., 1993), ozone exposure (Peeling and Clark, 1983; Kang 
et al., 1992b), are commonly used. 
 
2.2.2.1 UV Irradiation Method 
UV energy has been extensively applied for surface graft polymerization of polymers 
with the aid of a photoinitiator or photosensitizer, such as benzophenone (BP). UV-
induced surface grafting can be performed by one-step (mutual irradiation grafting) or 
two-step (pre-activation grafting) methods. One-step method or mutual irradiation 
grafting, which is performed by irradiating the polymer in the presence of a solvent 
containting a monomer and a photosensitizer (Wright, 1967; Ogiwara et al. 1981; 
Fouassier, 1989), is very efficient and surface activation and graft copolymerization 
are achieved simultaneously. In 1990, a novel process was developed for continuous 
photoinitiated graft polymerization of acrylamide (AAm) and AAc onto the surface of 
high-density PE (HDPE) tape film, presoaked in a solution containing monomer and 
initiator under nitrogen atmosphere (Zhang and Ranby, 1990). The technique was 
favorable and had many merits, e.g. easy and continuous operation, short irradiation 
times, no requirements of severe vacuum conditions, and low cost of equipment. 
However, one-step method cannot totally eliminate homopolymerization initiated by 
free radicals formed during irradiation of the monomer. In addition, the one-step 
method requires the addition of a photosensitizer that, if remaining on the sample after 
the treatment, can promote light-induced degradation or can be leached out in the 
surrounding environment. A photo-induced living graft copolymerization method 
consisting of two steps was then investigated by Ma et al. (Ma et al., 2000). In the first 
step, BP abstracts hydrogen from the substrate to generate surface radicals and 
semipinacol radicals, which combine to form surface photoinitiators in the absence of 
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monomer solutions. In the subsequent step, the monomer solutions are added onto the 
active substrate, and the surface initiators initiate the graft polymerization under UV 
irradation. In this method, graft density and graft polymer chain length can be 
controlled independently since initiator formation and graft polymerization occur 
independently in the successive steps. In addition, the method substantially eliminates 
formation of undesired homopolymer and crosslinked or branched polymer. Another 
two-step method can be used to avoid introducing photoinitiator. The polymer can be 
pre-activated by UV, plasma (of e.g. Ar, air or O2), ozone, high-energy electron or γ-
ray irradiation exposure to produce peroxide groups on the substrate. Graft 
copolymerization is subsequently initiated by UV-irradiation with the substrate in 
contact with a monomer. Peroxides generated by UV, high-energy electron, and γ-ray 
irradiation of a polymer film, in general, can be found deep beneath the surface, 
whereas those created by plasma treatment and ozone exposure are usually confined to 
the top surface (Chan, 1994; Iwata et al., 1991). For instance, pH-sensitive poly(acrylic 
acid)-grafted polysulfone membranes were prepared by an ultraviolet irradiation 
technique in air at room temperature without using a photoinitiator or photosensitizer 
(Shim et al., 1999). The amount of peroxides produced on the membrane surface was 
quantified by 1,1-diphenyl-2-picrylhydrazyl (DPPH), which indicated that there 
existed an effective irradiation time for graft polymerization. A riboflavin permeation 
experiment was done to show pH-dependent permeation of the solute through a novel 
membrane at different pH. 
 
2.2.2.2 Plasma Treatment 
Plasma can be broadly defined as a gas containing charged and neutral species, 
including some of the following: electrons, positive ions, negative ions, radicals, atoms 
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and molecules. In general, reactions of gas plasma with polymers can be classified as 
follows (Yasuda et al., 1990): (1) surface cleaning, surface ablation or etching 
(materials are removed from a polymer surface by chemical reactions and physical 
etching at the surface to form volatile products); (2) surface reaction (reactions 
between the gas-phase species and surface species and reactions between the surface 
species produce functional groups and crosslinking, respectively, at the surface); (3) 
plasma polymerization (the formation of a thin film on the surface of a polymer via 
polymerization of an organic monomer such as CH4, C2H6 in a plasma); it involves 
reactions between gas-phase species, reactions between gas-phase species and surface 
species, and reactions between surface species. (4) modification of the surface-
chemical structure, both in situ and on subsequent exposure to atmospheric oxygen or 
water vapor. Free radicals are formed at the polymer surface. These radicals may be 
stable for long durations, thereby having an opportunity to react. It is easy and 
convenient to use plasma treatment to introduce initiators onto substrate surfaces 
(Suzuki et al., 1986; Iwata et al., 1998; Yamaguchi et al., 1999; Gancarz et al., 1999). 
For example, Gancarz et al. modified a porous polysulfone membrane with acrylic acid 
using plasma initiated graft polymerization (both in solution and vapor phase) and 
plasma polymerization. According to their report, grafting in solution gave as a result 
hydrophobic membrane with pore size diameter significantly reduced. Such 
membranes lost their ultrafiltration properties. Grafting in vapor phase seemed to give 
the brush-like structure. Membranes possess hydrophilic surface and unique filtration 
properties in basic environment. Plasma polymerization of acrylic acid on the 
polysulfone membrane surface, on the other hand, created a layer of material highly 
similar to pure poly(acrylic acid). Performance of such membranes was also pH-
dependent showing better properties in basic solution. However, this layer was loosely 
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packed and could be easily removed from the membrane, leaving only a small amount 
of AAc permanently grafted onto the surface. Comparing the above three methods, 
polysulfone membrane with AAc plasma-initiated grafting in vapor phase of monomer 
seemed to be the most promising from the point of view of filtration properties. 
 
2.2.2.3 Ozone-activation Method 
Ozone treatment is another method to yield polymeric peroxides on polymer surface. 
Wang et al. (Wang et al. 1998) modified the surface of ozone-pretreated low-density 
polyethylene (LDPE) films via a technique of UV-induced graft copolymerization with 
acrylamide (AAm), Na salt of styrenesulfonic acid (NaSS), 3-
dimethyl(methacryloylethyl)ammonium propanesulfonate (DMAPS), acrylic acid 
(AAc), N, N-dimethylacrylamide (DMAA), and 2-(dimethylamino)ethyl methacrylate 
(DMAEMA) under atmospheric conditions and in the complete absence of an added 
initiator or oxygen scavenger. On the other hand, the ozone-pretreated polyurethane 
(PU) film was modified by thermally-induced graft copolymerization with AAm 
(Fujimoto et al., 1993).  They reported that the peroxide production could be readily 
controlled by the ozone concentration and the ozone exposure time. In addition, it was 
dependent on the kind of polymer. Further, it seemed probable that the ozone oxidation 
introduced peroxides not only on the outermost surface but also into a layer deeper 
from the outermost surface. Such polymeric peroxides were capable of initiating graft 
polymerization onto PU surface. All the physical and biological measurements on the 
grafted surface indicated that ozone-induced graft polymerization has effectively made 
the PU surface covered with the grafted water-soluble chains, their location being 
restricted to the film surface region. The interaction of the PU surface with blood 
components could be greatly reduced by the surface graft polymerization. 
 30
2.2.3 Bulk Modification of Polymeric Membrane Material before Micropous 
Membrane Fabrication 
Both the surface coating and grafting methods may have their own shortcomings. For 
the coating method, the coated surface layers may be easily removable, especially by 
changes in pH of the solution. On the other hand, surface modification of existing 
membranes by grafting or graft copolymerization is likely to be accompanied by 
changes in membrane pore size and pore size distribution, leading to reduced 
permeability. In addition, the extents of grafting on the membrane surface and the 
surfaces of the pores may differ substantially. In order to overcome some of these 
shortcomings, bulk-modified or chain-modified polymer may be used as membrane 
fabrication materials. Contrary to surface modification techniques, where the surface 
composition was modified and adapted to a given application by some external 
treatment such as grafting, here the surface composition results from the effect of the 
presence of a free surface on the components of the system. The ultimate goal of bulk 
modification is the design of a polymer having a specific surface composition and/or a 
specific property of a given application. 
 
2.2.3.1 Blending 
Blending of polymers is a very interesting way of producing materials of improved 
bulk and surface properties. Such a physical combination of two or more structurally 
dissimilar polymers provides a convenient way of combining the different properties 
of individual polymers (Klempner, 1985). Many polymeric materials of great 
technological and commercial importance owe their superior performances to the 
contribution of two or more cleverly blended parent polymers (Aoki et al., 1993; Kim 
et al., 2000). The thermodynamics of mixing, the occurrence of phase separation and 
 31
the use of specific (macro) molecules to control the phase-separated structure have 
been described in many papers and textbooks (Olabisi et al., 1979; Paul et al., 1986). 
For instance, polyelectrolyte complex membranes between chitosan as a cationic 
polyelectrolyte and poly(acrylic acid) as an anionic species were prepared by blending 
two polymer solutions in different ratio (Nam and Lee, 1997). The swelling of 
polyelectrolyte membranes was studied. Thermal properties of polyelectrolyte 
membranes from chitosan and poly(acrylic acid) by varying blend ratios showed a shift 
in transition temperatures of polyelectrolyte complexes. Polyelectrolyte complex 
membranes from chitosan and poly(acrylic acid) had pH sensitive characteristics as 
determined by FT-IR studies and swelling behaviors. Pervaporation performances 
were investigated with various organic mixtures; water-ethanol, water-isopropanol, 
methanol-methyl t-butyl ether mixtures. An increase of poly(acrylic acid) content in 
the polyelectrolyte complex membranes affected the swelling behavior and 
pervaporation performance of water-ethanol mixture. Permeation flux decreased and 
the water concentration in the permeate was close to 100% upon increasing the feed 
alcohol concentration. 
 
2.2.3.2 Bulk Copolymerization 
Bulk copolymerization is another approach to obtain smart polymeric materials. It can 
be divided into two classifications: (1) block copolymerization; (2) graft 
copolymerization. Block and graft copolymers contain long sequences of each of two 
different monomers in the copolymer chain. A block copolymer contains the sequences 
of the two monomers in a continuous arrangement along the copolymer chain while a 
graft copolymer contains a long sequence of one monomer with one or more branches 
consisting of long sequences of a second monomer. A variety of techniques for 
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synthesizing these structures have been studied (Battaerd and Tregear, 1967; Ceresa, 
1976; Noshay and McGrath; 1977).  
 
Firstly, block copolymers can be obtained by the step copolymerization of polymers 
with functional groups capable of reacting with each other, sequential monomer 
addition, transformation reactions, telechelic polymers, and coupling reactions etc. 
(Odian, 1981). In recent years, block copolymers used as stimuli-responsive materials 
have been widely investigated (Lee et al., 1998; Tu et al., 2000; Arotcarena et al., 
2002). Liu and co-workers (Liu et al., 1997; Liu and Ding, 1998; Liu et al., 1999a) 
have successfully demonstrated the feasibility of this approach using a series of 
poly(tert-butyl acrylate)-b-poly(2-cinnamoylethyl methacrylate) (PtBA-b-PCEMA) 
diblock copolymers. At appropriate block length ratios, the PtBA block self-assembles 
into cylindrical domains, which are embedded in a PCEMA matrix. Photocrosslinking 
of the PCEMA phase and hydrolysis of the tert-butyl groups results in nanoporous 
films, whose water permeability was found to be strongly dependent on the pH and the 
presence of cations. By adjusting the length of the PtBA block, the pore size of the 
films could be varied between 10±50 nm. Films with larger pores could be prepared by 
blending a poly(isoprene)-b-poly(2-cinnamoylethyl methacrylate)-poly(tert-butyl 
acrylate) (PI-b-PCEMA-b-PtBA) triblock copolymer with 10 wt.-% of a PtBA 
homopolymer (Liu et al., 1999b). The PtBA mixes with the PtBA block of the triblock 
copolymer, and swells the cylindrical PtBA domains. After extraction of the PtBA 
homopolymer and hydrolysis of the tert-butyl groups, films were obtained with pore 
sizes up to 100 nm. These membranes were impermeable to water, but showed high 
gas permeabilities.  
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Although block copolymers have been widely used in stimuli-responsive systems, they 
are seldom used in the preparation of stimuli-responsive membranes due to the 
mechanical reason. Thus, bulk graft copolymerization of membrane materials with 
smart polymer brushes becomes another promising approach for preparation of 
stimuli-responsive micropous membranes. The synthesis of a graft copolymer requires 
the formation of a reactive center on a polymer molecule in the presence of a 
polymerizable monomer. Most methods of synthesizing graft copolymers involve the 
use of radical polymerization, although ionic graft polymerizations are receiving 
increasing attention. Graft polymerizations are carried out in either homogeneous or 
heterogeneous systems depending on whether the polymer being grafted to is soluble 
or insoluble in the monomer. Radical graft polymerization can be achieved by chain 
transfer and copolymerization, ionizing radiation, ultraviolet radiation, redox initiation 
and so on. Ionic graft polymerization is of interest in that the variety of copolymers 
which can be potentially synthesized is greater than that by radical initiation since a 
wider range of monomers can be used-including alkene, carbonyl and cyclic 
monomers. However, it is considerably more difficult to form the polymeric anion or 
cation necessary to initiate graft polymerization compared to forming a polymeric 
radical. 
 
In the radical graft polymerization techniques, the oxidation of the basic chain by 
ozone is an original method to obtain graft polymers. This technique has been used for 
the past few years because of its dual interest in adding new functional groups to the 
polymer by means of heat-sensitive groups (peroxides and hydroperoxides) and to cut 
molecular chains. Fargere et al. (Fargere et al., 1994a; Fargere et al., 1994b) thus 
showed it was possible to break the network of peroxide crosslinked polymers to 
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obtain new products with thermoplastic properties. Taking advantage of the creation of 
heat-sensitive functional groups during the ozone-induced degradation, the same 
researchers grafted vinylic monomers and obtained new materials and emulsions 
(Fargere et al., 1995a; Fargere et al., 1995b).  
 
Ozone-pretreatment of polymers has been known as an activation step before grafting 
for a long time. Some researchers (Landler and Lebel, 1960) used an ozone flow on 
polystyrene (PS) and succeeded in grafting vinylic monomers. This method was used 
later on polypropylene (PP) (Polednick et al., 1990). Sarraf and Robin focused their 
research on polyethylene (PE) (Sarraf et al., 1984; Robin et al., 1987), which also gave 
grafted products with various monomers such as styrene (S), methylmethacrylate 
(MMA), vinyl-chloride (VC), or glycidylmethacrylate (MAGLY). In 1991, 
poly(vinylidene fluoride) (PVDF) was pretreated with ozone to make PVDF/MMA 
and PVDF/S copolymers (Boutevin et al., 1991). The copolymers obtained from 
ozonized polymers can be used as compatibilizers (Sarraf et al., 1984), ions exchange 
resins (Polednick et al., 1990), adhesives (Robin et al., 1987), emulsion (Benrachedi, 
1992), or for the preparation of polymer-bitumen blends (Fahimi et al., 1990; Fahimi, 
1992).  
 
The ozone treatment or activation is simple and rapid. Usually, a gaseous mixture of 
ozone and oxygen goes through a fluidized bed of polymer powder. Temperature, 
ozone concentration, and time of contact are the main parameters that can be used to 
regulate the reaction. The polymer is dissolved in a solvent which is inert to ozone. 
After the gas has bubbled through the solution, the reaction mixture is cooled quickly 
and the polymer is precipitated with a nonsolvent. After ozonization, the polymer is 
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somewhat degradated and the molecular weight is reduced. Infrared spectrum shows 
that carbonyl and ketone groups appear. In the case of ozonized polymers used for 
grafting, the presence of peroxides and hydroperoxieds is controlled. The different 
methods of titration described in the literature included the use of ferrous ion, iodine, 
and free radicals, such as 2,2-diphenyl-1-picrylhydrazil (DPPH) (Boutevin et al., 1992; 
Elmidaoui et al., 1991; Fargere et al., 1994).  
 
2.3 Smart Surface for Enzyme Immobilization and Cell Culture 
2.3.1 Enzyme Immobilization 
Immobilization of an enzyme means that the enzyme has been restrained or localized 
so that it can be reused continuously. There are three basic techniques employed for 
enzyme immobilization (Powell et al., 1990; Tischer and Wedekind, 1999). In one 
method, the enzyme is absorbed onto a retaining support medium. In the second 
method the enzyme is chemically linked (covalently attached) to the support. The third 
method relies on the entrapment of the enzymes in a supporting medium or in a 
microcapsule or within a reactor by the use of an appropriate filter. These methods are 
not mutually exclusive and many hybrid systems have been developed. 
 
2.3.1.1 Enzyme Immobilization Methods 
Physical Adsorption In general, adsorptive immobilization involves all procedures in 
which the enzyme is bound in the phase boundary by non-covalent bonds. This is 
probably the easiest method for immobilizing an enzyme. The character of these bonds 
varies from weak van der Walls interaction and hydrogen bonding to the stronger 
hydrophobic and ionic links (Gemeiner, 1992). Owing to the character of the linkage 
between the enzyme and the support, as well as the mild conditions for immobilization, 
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little conformation changes occur in the enzyme. Thus enzyme immobilization by this 
method will retain high activities (Gemeiner, 1992). However, all of these bonds can 
be easily broken by changes in pH, ionic strength, temperature and solvent. Thus, for 
maximum operational stability it is necessary that the optimum conditions for enzyme 
adsorption are the same as the conditions for the enzyme reaction. To maximize 
protein loading it is necessary to have a large surface area for adsorption. This can be 
achieved by using a porous support and a particulate system. Enzymes may be 
adsorbed on a variety of carriers, offering in some cases the practical convenience of 
simple regeneration by removal of deactivated enzyme and reloading with fresh, active 
catalyst (Piacquadio et al., 1997). Another adsorption method for tyrosinase with pre-
activation of the polyphyllosilicate (montmorillonite) was published (Naidja and 
Huang, 1996). 
 
Covalent-binding Method Immobilization of enzymes by this method is based upon 
the formation of a covalent bond between the enzyme and the support material. 
Covalent linkages are strong and the immobilized enzyme preparations are therefore 
generally stable. They do not release the enzyme into solution in the presence of a 
substrate or in high solutions with high strength. The covalent binding method is the 
most frequently used mode of immobilization. A wide variety of bonding reactions and 
of materials with functional groups capable of covalent coupling, or susceptible to 
activation to provide such groups, make this mode of binding a generally applicable 
method for immobilization. For example, modifying the polymer surface by graft 
copolymerization with monomers such as acrylic acid (AAc) can provide the –COOH 
functional group and make the further immobilization of enzyme possible (Chen et al., 
2000). This grafting method provides a unique and powerful method for the surface 
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modification and functionalization of polymeric materials without altering their bulk 
properties (D’Angiure and Cremonesi, 1982; Yasui et al., 1996; Jolivalt et al., 2000). 
However, this method has a major problem in enzyme immobilization. That is the 
significant reduction in enzyme activity during the immobilization process. To avoid 
the decreased effectiveness of enzyme, a spacer is inserted between the substrate 
surface and the enzyme molecules to be immobilized. Unfortunately, the use of 
flexible spacers often decreases the stability of the enzyme introduced through its 
immobilization on the polymer surface (Wang and Hsiue, 1993; Itoyama et al., 1994). 
 
Entrapping Methods The entrapment method is based on coupling enzymes to the 
lattice of a polymeric matrix or enclosing them in semipermeable membranes. The 
entrapping and enclosing should be tight enough to prevent the release of the enzyme 
while still allowing the diffusion of substrates and products (Gemeiner, 1992). This 
method differs from that of chemical coupling in the mode of binding itself. The 
enzyme does not bind to the gel matrix or the membrane. Hence, the method can be 
applied generally to entrapping any kind of enzymes, other biocatalysts, or even whole 
organelles or cells of different size and diverse properties. A reduced loss of biological 
activity compared to that of the chemical coupling method is one of the main positive 
features of the entrapping technique. On the other hand, the diffusion limitations are 
usually considered to be the most negative feature of the entrapping methods 
(Gemeiner, 1992). The most widely used system for enzyme entrapment in a polymer 
lattice is the immobilization within a polyacrylamide gel, obtained by 
polymerization/cross-linking of acrylamide in the presence of the enzyme (Wang et al., 
1996; Bu et al., 1998). 
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Both chemical and physical methods offer advantages and disadvantages that depend 
on several factors. In general, chemical immobilization methods tend to reduce the 
activity of the enzyme, since the covalent bonds, formed as a result of immobilization, 
may perturb the enzyme native structure. By contrast, such covalent linkages provide 
strong stable enzyme attachment and may, in some cases, reduce enzyme deactivation 
rates and usefully alter enzyme specificity. However, entrapment and adsorption 
immobilization methods typically perturb the enzyme much less and consequently 
offer retention of the enzyme properties resembling those in solution (Bailey and Ollis, 
1986). A proper choice between chemical and physical methods depends on several 
factors. Usually, a long-time applicable immobilized enzyme with a lower initial 
activity is preferable to that with a high level of initial activity but with short-time 
activity retention. 
 
2.3.1.2 Properties of Immobilized Enzymes 
The properties of the immobilized enzymes are influenced by different factors related 
to the chemical and structural nature of the support, as well as to the way that the 
enzyme is attached the matrix structure. The main concerns are: (a) the non-uniform 
distribution of substrate, products or hydrogen ions between the enzymes and the 
macroenvironment due to electrostatic or hydrophobic interactions between the matrix 
and component of the environment; (b) diffusion restrictions and effects related to 
mass transfer, e.g. resistance to the transport of substrate and products to the active site 
of the enzyme and back into the macroenvironment; (c) changes in the conformation of 
the enzyme molecule and steric hindrance dependent on the mode of enzyme binding 
the carrier. These effects are reflected in activity, kinetics of enzyme action and 
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stability, and mainly affect its interactions with the substrate and, consequently, the 
specific features of enzyme action (Bailey and Ollis, 1986). 
 
Effect of pH on Activity of Immobilized Enzymes One factor that plays an important 
role in the activity of immobilized enzymes is the electrostatic effect. It is manifested 
in different relationships between pH and the activity of the free and immobilized 
enzyme. The reason for this difference is in the non-uniform distribution of hydrogen 
ion between the microenvironment of the enzyme and the bulk solution (Trevan, 1981; 
Gemeiner, 1992). If the carrier contains ionizing groups, the concentration of adjacent 
hydrogen ions is different from that in the microenvironment. The enzyme embedded 
into the matrix structure is exposed to a pH different from that established 
experimentally. 
 
Effect of Temperature and Other Denaturing Reagents on Immobilized Enzymes 
Immobilization of an enzyme on to the carrier matrix may also increase enzyme 
durability and stability against denaturation by different temperatures and different 
reagents. This occurs especially if the enzyme is bound in a way which leads to 
stabilization against conformational changes not only in the region of the active site 
(Gabel et al., 1970; Palmer, 1995). The number of interactions, i.e. of bonds between 
the enzyme and the carrier, plays an important role in this case. 
 
Effect of Electrostatic, Diffusion, and Sterical Restrictions on Kinetic constants of 
Immobilized Enzymes The electrostatic effects, diffusion effects and sterical 
restrictions are the main factors which affect kinetic constants of immobilized enzymes. 
The electrostatic field on a carrier bearing a charge may affect the distribution of a 
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charged substrate between the solid phase and the bulk solution. The substrate bearing 
a charge of opposite sign to that of the carrier will concentrate in the matrix region. On 
the contrary, charges of the same sign will induce a decrease in substrate concentration 
in the microenvironment of the bound enzyme (Goldstein et al., 1964). Diffusion 
effects originating in the discrepancy between the rates of enzyme reaction and 
substrate transfer to the matrix surface are the main cause of concentration potential of 
the substrate between the bound enzyme and the bulk solution. If the rate of enzyme 
reaction is higher than that of substrate transfer, the substrate in the vicinity of the 
bound enzyme becomes exhausted. The rate of enzyme reaction will consequently 
depend on the diffusion of the substrate from the bulk solution to the enzyme. 
However, the reaction rate may also be controlled by internal diffusion of the substrate 
which depends on the pore size of the support, size of the reacting molecule and on the 
rate limiting factor in the process of heterogeneous catalysis (Bailey and Ollis, 1986). 
Furthermore, restricted accessibility of a substrate to the active site of an immobilized 
enzyme which may occur as a consequence of steric shielding by the matrix is 
reflected in lower enzyme activity, mainly for high molecular weight substrates. The 
activity of immobilized enzymes increases with decreasing size of the substrate 
molecule (Gemeiner, 1992). 
 
Effect of Immobilization on Enzyme Stability For the immobilized enzymes, three 
types of stability may be distinguished: (a) stability during long-term storage at low 
and medium temperature (storage stability); (b) stability at higher temperatures 
(thermal stability); (c) stability during long-term operation of the immobilized enzyme 
(operational stability) (Trevan, 1981). Immobilization of an enzyme may considerably 
affect all three types of stability. The nature of carrier and the mode of enzyme fixation 
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in the matrix may play a particular role. Nevertheless, the optimum temperature for the 
activity of immobilized enzymes is either only slightly higher or similar to that of the 
same free enzyme in solution (Mozhaev et al., 1983). 
 
2.3.2 Smart Surface for Cell Culture 
2.3.2.1 Cell Immobilization Methods 
Basically, immobilization of live cells is very similar to the enzyme counterpart. In the 
past, various cells have been immobilized: bacteria, yeasts, fungi, plant tissues, 
mammalian tissues, and insect tissues. However, true successes are limited to only a 
few cases. One of the problems is the mass transfer resistance imposed by the fact that 
the substrate has to diffuse to the reaction site and inhibitory or toxic products must be 
removed to the environment. Oxygen transfer is often the rate-limiting step in a 
suspended cell culture, and it is more so in an immobilized cell culture. Oxygenation in 
an immobilized cell culture is one of the major technical problems that remain to be 
solved. In light of the oxygenation problems, immobilization techniques have been 
mainly confined to anaerobic processes in which either obligate (strict) anaerobes are 
employed or only the anaerobic components of the facultative metabolic mechanisms 
are selectively utilized.  
 
Most of the principles involved in enzyme immobilization are directly applicable to 
cell immobilization, e.g. covalent bonding (Godjevargova et al., 1998), affinity 
bonding (Adamsky et al., 2003), physical adsorption (Groboillot et al., 1994), and 




2.3.2.2 Surface Modification of Polymeric Materials for Cell Culture 
Various extracellular matrix (ECM) proteins, such as collagen, fibronectin and laminin, 
have been used as substrates for cell culture (Takano et al., 2002; Ferrera et al., 2002; 
Dunn et al., 1989; Oda et al., 1995). However, they cannot be easily or reproducibly 
processed into three-dimensional scaffolds of good stability and mechanical properties. 
Thus, the use of polymeric materials as substrates has increased substantially in recent 
years due to their excellent mechanical properties and processability (Ikada, 1994; 
Gupta et al., 2002). Although bulk properties dictate the mechanical performance of 
biomaterials, cell- and tissue–biomaterials interactions are surface phenomena. Cell 
adhesion in vitro is a multistep process which starts with the adsorption of adhesive 
proteins (Grinnell, 1978) such as fibronectin (FN) and vitronectin (VN) (Underwood 
and Bennett, 1989) from the medium, followed by cell attachment, spreading, and cell 
polarization (Altankov and Grinnell, 1993). Therefore, the overall cell morphology and 
the functional behavior of the attached cells are strictly dependent on the surface 
properties of the substrate. Thus, surface modification of polymer substrates is often 
required to improve their biocompatibility and also to allow the subsequent surface 
functionalization, such as enzyme and protein immobilization via covalent bonding 
(Ikada, 1994; Kang et al., 2002). Among the many techniques available, surface 
modification by plasma-pretreatment, followed by thermal- or UV-induced graft 
copolymerization with functional monomers, appears to be an attractive method for 
modifying the surface of a material without changing its bulk properties (Kang et al., 
2002; Kang et al., 1996). A wide range of polymer substrates have been modified by 
surface graft copolymerization (Sano et al., 1993; Uyama et al., 1998; Kim et al., 2000; 
Sperling et al., 1997).  
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2.3.2.3 Development of Polymeric Matrixes for Hepatocyte Immobilization 
In recent years, the development of an effective bioartificial liver assist device (BLAD) 
is becoming more and more realistic. Hepatocyte immobilization is a major task in the 
development of bioreactors for the liver cell perfusion systems. One of the determining 
factors in a successful BLAD design is a suitable scaffold or substrate for hepatocytes 
attachment and growth, as hepatocytes are anchorage-dependent cells (Lecluyse et al., 
1996). In hepatocyte cultures, cell-substrate interactions have been widely studied in 
two-dimensional monolayer cultures on various substrates coated with ECM’s, such as 
collagen or fibronectin (Ben-Ze’ev et al., 1988; Yamada et al., 1998). Changing to the 
three-dimensional culturing configuration by using collagen gel or MatrigelTM overlay 
had been shown to significantly improve the longevity and hepatic function of the 
primary rat hepatocytes (Moghe et al., 1996). However, integrating such a hydrogel 
system into a bioreactor design remains a technical challenge. On the other hand, 
mammalian hepatocytes were mainly recognized by glycopolymers that act as natural 
and artificial ligands having terminal galactose/GalNAC moieties (Scnnaar et al., 1978; 
Weigel et al., 1979a; Guarnaccia and Schnaar, 1982). Accordingly there are many 
reports that address the behavior of hepatocyte adhesion to artificial polymer surfaces 
having terminal galactose moieties (Oka and Weigel, 1986; Weisz and Schnaar, 1991; 
Griffith and Lopina, 1998; Kim et al., 2001). Thus, galactosylated surface becomes an 
attractive alternative as a substrate for hepatocyte culture because of the presence of 
specific interactions between the galactose ligand and the asialoglycoprotein receptor 
(ASGP-R) on the hepatocyte surface. Several polymeric substrates with a 
galactosylated surface have been explored for hepatocyte culture (Weigel, 1980; 













SYNTHESIS AND CHARACTERIZATION OF 
ACID/BASE POLYMER-GRAFTED POLY(VINYLIDENE 
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3.1 Synthesis and Characterization of Poly(acrylic acid)-grafted 
Poly(vinylidene fluoride) Copolymers and pH-sensitive 
Microfiltration Membranes 
3.1.1 Experimental Section 
3.1.1.1 Materials 
Poly(vinylidene fluoride) (PVDF, Kynar® K-761) powders having a weight-average 
molecular weight of 441,000 were obtained from Elf Atochem of North America Inc. 
The solvent, N-methyl-2-pyrrolidone (NMP, reagent grade) was obtained from Merck 
Chem. Co. Acrylic acid (AAc) of purity ~ 99.99%, on the other hand, was obtained 
from Aldrich Chemical Co. 
 
3.1.1.2 Pre-activation of PVDF in Solution 
Ozone pretreatment as an activation step for grafting and graft copolymerization has 
been widely reported (Boutevin et al., 1992; Fargere et al., 1994; Wang et al., 1998; 
Kang and Zhang, 2000). In this study, the PVDF powders were dissolved in NMP to a 
concentration of 75 g/L. A continuous stream of O3/O2 mixture was bubbled through 
the solution at 25°C. The O3/O2 mixture was generated from an Azcozon RMU16-
04EM ozone generator. The gas flow rate was adjusted to 300 L/h to give rise to an 
ozone concentration of about 0.027 g/L of the gaseous mixture. The treatment time 
was about 15 min to achieve the desired content of peroxides (Wang et al., 2001). 
After the ozone treatment, the polymer solution was cooled in an ice bath and the 
activated PVDF was precipitated in excess ethanol. The solution was filtered and the 






3.1.1.3 Graft Copolymerization of PVDF with Acrylic Acid (AAc): The PAAc-g-
PVDF Copolymer 
About 2 g of the ozone-pretreated PVDF was dissolved in 25 ml of NMP. The PVDF 
solution and AAc monomer were introduced into a 3-necked round bottom flask 
equipped with a thermometer, a condenser, and a gas line. The AAc monomer 
concentrations were varied from 0.05 g/mL to 0.45 g/mL. The final volume of each 
reaction mixture was adjusted to 40 mL. The solution was saturated with purified 
argon for 30 min under stirring. The reactor flask was then placed in a thermostated oil 
bath at 60°C to initiate the graft copolymerization reaction. A constant flow of argon 
was maintained during the thermal graft copolymerization process. After the desired 
reaction time, the reactor flask was cooled in an ice bath and the AAc graft-
copolymerized PVDF(PAAc-g-PVDF) was precipitated in excess ethanol (a good 
solvent for the AAc homopolymer). After filtration, the PAAc-g-PVDF copolymer was 
re-dissolved in 40 mL of acetone and then re-precipitated in 200 mL of ethanol. The 
above procedure was repeated for another two times.  The PAAc-g-PVDF sample was 
further purified by stirring for 24 h in an excess amount of doubly distilled water at 
55°C to remove the residual AAc homopolymer, if any. The processes of ozone 
pretreatment of the PVDF chains and the thermal graft copolymerization with AAc are 
shown schematically in Figure 3.1. 
 
3.1.1.4 Preparation of Micro-filtration (MF) Membranes  
MF membranes were prepared by phase inversion from a solution containing 12% 
(w/w) polymer or copolymer in 1-methyl-2-pyrrolidone (NMP). The polymer or 
copolymer solution was cast onto a glass plate, which was then immersed in a bath of 
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Figure 3.1 Schematic representation of the process of thermally-induced graft 













evaporation in air. Each membrane was left in water for about 20 min after separation 
from the glass plate. It was then extracted in a second bath of double-distilled water at 
70°C for 30 min. Such a heat treatment step was commonly performed during the 
fabrication of commercial membranes in order to refine the pore size distribution 
(Strathmann and Kock, 1977). The purified membranes were dried under reduced 
pressure for subsequent characterization. 
 
3.1.1.5 Infrared Spectroscopy Measurements 
FT-IR spectra of the thin copolymer films cast from acetone solutions were obtained 
from a Bio-Rad FTS 135 FT-IR spectrophotometer. Each spectrum was collected by 
cumulating 16 scans at a resolution of 8 wavenumbers. 
 
3.1.1.6 XPS Measurements 
X-ray photoelectron spectroscopy (XPS) measurements were made on a Kratos AXIS 
HSi spectrometer with a monochomatized Al Kα X-ray source (1486.6 eV photons) at 
a constant dwelling time of 100 ms and a pass energy of 40 eV. The anode current was 
15 mA. The pressure in the analysis chamber was maintained at 5.0×10-8 Torr or lower 
during each measurement. The polymer films and membranes were mounted on the 
standard sample studs by means of double-sided adhesive tapes. The core-level signals 
were obtained at the photoelectron take-off angle (α, with respect to the sample surface) 
of 90°. All binding energies (BE’s) were referenced to the C1s hydrocarbon peak at 
284.6 eV. In peak synthesis, the line width (full width at half-maximum, or FWHM) 
for the Gaussian peaks was maintained constant for all components in a particular 
spectrum.  Surface elemental stoichiometries were determined from peak-area ratios, 





reliable to ±5%. The elemental sensitivity factors were determined using stable binary 
compounds of well-established stoichiometries.  
 
3.1.1.7 Water Contact Angle Measurements  
Static water contact angles of the PVDF films cast from acetone solutions of the 
pristine, the ozone-treated, and the AAc graft-copolymerized PVDF powders were 
measured at 25 oC and 60% relative humidity, using the sessile drop method on a 
telescopic goniometer (Rame-Hart Model 100-00(230)). The telescope with a 
magnification power of 23× was equipped with a protractor of 1o graduation. For each 
angle reported, at least five sample readings from different surface locations were 
averaged. The angles reported were reliable to ±3o. 
 
3.1.1.8 Elemental Analyses 
Elemental analyses of the copolymer samples were performed by the Microanalysis 
Centre of the National University of Singapore. The bulk C contents were determined 
on a Perkin-Elmer 2400 elemental analyzer. The F contents were determined, on the 
other hand, by the SchÖniger combustion method (Walton, 1964).  
 
3.1.1.9 Thermal Analyses 
The thermal properties of the copolymer samples were measured by thermogravimetric 
(TG) analyses. The polymer samples were heated up to 700°C at a heating rate of 10 
°C/min under a dry nitrogen atmosphere in a Du Pont Thermal Analyst 2100 system, 







3.1.1.10 Measurements of Morphologies and Pore Sizes of the MF Membranes 
The surface morphology of the MF membranes was studied by scanning electron 
microscopy (SEM), using a JEOL 6320 electron microscope. The membranes were 
mounted on the sample studs by means of double-sided adhesive tapes. A thin layer of 
gold was sputtered on the sample surface prior to the SEM measurement. The SEM 
measurements were performed at an accelerating voltage of 15 kV. The pore sizes of 
the pristine PVDF and the PAAc-g-PVDF membranes were measured using a Coulter® 
Porometer II apparatus, manufactured by Coulter Electronics Ltd., UK. ‘POROFIL’ 
(the pore wetting liquid for the Coulter® Porometer instrument) was used as a wetting 
agent. 
 
3.1.1.11 Measurements of pH-Dependent Solution Flux Through the MF 
Membranes 
The PAAc-g-PVDF MF membrane was immersed in an aqueous solution of a 
prescribed pH value and mounted on the micro-filtration cell (Toyo Roshi UHP-25, 
Tokyo, Japan). An aqueous solution of the same prescribed pH value and a fixed ionic 
strength (I=0.1 mol/L) was added to the cell. The flux was calculated from the weight 
of solution permeated per unit time and per unit area of the membrane surface under a 
nitrogen atmosphere of 0.03 kg/cm2. The pH of the permeating solution was adjusted 
by adding an aqueous solution of dilute HCl or NaOH. The ionic strength of the 









3.1.2 Results And Discussion 
3.1.2.1 Ozone Pretreatment of PVDF in Solution 
The direct oxidation of polymer chains by ozone is a well-known method for 
introducing peroxides and hydroperoxides for the subsequent graft polymerization 
(Kang and Zhang, 2000). Generally, the amount of peroxides introduced into a 
polymer sample by ozone treatment can be regulated by the treatment temperature, 
ozone concentration and treatment time (Fargere et al., 1994). In the pre-activation of 
PVDF powders dissolved in NMP, the solution was kept at room temperature (25°C) 
and the ozone concentration was fixed at 0.027 g/L of the O3/O2 mixture. The peroxide 
contents of the ozone-treated PVDF samples, in mol per gram of the activated PVDF 
and determined from the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, are shown in 
Table 3.1. The data in Table 3.1 suggest that the increase in the peroxide concentration 
of PVDF levels off at the ozone treatment time between 15 min and 30 min. After the 
ozone treatment, the polymer has been degraded to some extent, as suggested by the 
decrease in intrinsic viscosity of the polymer solution. Earlier studies (Fargere et al., 
1994) have also shown that prolonged ozone treatment will cause even more extensive 
chain scission. Thus, a pretreatment time of 15 min is chosen in the present work. This 
pretreatment time gives rise to a peroxide content of about 10-4 mol/g of the polymer.  
 
3.1.2.2 Thermally-induced Graft Copolymerization of PVDF with Acrylic Acid: 
The PAAc-g-PVDF Copolymers 
The peroxides on the activated PVDF chains are used as initiators for the subsequent 
radical-induced graft polymerization of acrylic acid (AAc). The initiator 
decomposition is the rate-limiting step in radical polymerization. It has been shown 





treated PVDF are 39 kJ/mol and 5.8, respectively (Boutevin et al., 1991; Boutevin et 
al., 1992) Based on these data, the half-life for the decomposition of peroxides on the 
ozone-treated PVDF was estimated to be about 45 min at 60°C. Thus, a polymerization 
time of 3 h at 60°C should be sufficient for the complete decomposition of the 
peroxides. In the present study, when the polymerization time was longer than 3 h or 
the weight ratio of [AAc] to [-CH2CF2-] in the feed is equal to or above 7, gelation was 
observed. Thus, the polymerization time was fixed at 3 h, and the weight ratio of [AAc] 
to [-CH2CF2-] was varied from 1 to 6 in the present work. 
 
Table 3.1 Peroxides Content, Intrinsic Viscosity and Water Contact Angle of Pristine 
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a) Determined from reaction with DPPH 
b) Intrinsic viscosity at 25°C in NMP 
c) Determined from the corrected O1s and C1s XPS core-level spectral area ratio of the 





3.1.2.3 FT-IR Spectra of the PAAc-g-PVDF Copolymer Films 
The structure of the AAc graft-copolymerized PVDF (PAAc-g-PVDF) was studied by 
FT-IR.  The FT-IR spectra of the copolymer thin films cast from the acetone solutions 
of PAAc-g-PVDF samples, prepared from various initial [AAc] to [-CH2CF2-] weight 
ratios were shown in Figure 3.2. Thus, the FT-IR spectra were obtained from PAAc-g-
PVDF thin films of different graft concentrations (to be specified below). The spectra 
of the PAAc-g-PVDF films all contain a characteristic band for the O-C=O stretching 
(ν=1730 cm-1), associated with the COOH groups of the grafted AAc chains. Since the 
concentration of a functional group is directly proportional to its absorption peak area, 
the ratio of absorbance at 1730 cm-1 (A1730) to that at 1120-1280 cm-1 (A1120-1280, the 
absorption band associated with the CF2 functional group of PVDF (Dean et al., 1995)) 
is directly related to the AAc polymer graft concentration. The FT-IR data suggest that 
the graft concentration increases with the increase in [AAc] to [-CH2CF2-] feed ratio 
for graft copolymerization, with the most rapid increase being observed at [AAc] to [-
CH2CF2-] ratio above 4. 
 
3.1.2.4 XPS Analysis of the PAAc-g-PVDF Membranes 
The compositions of PAAc-g-PVDF membranes were first studied by XPS. Figures 
3.3(a) to 3.3(d) show the respective C1s core-level spectra of the MF membranes 
prepared from the pristine PVDF and the PAAc-g-PVDF copolymers of different feed 
compositions. In the case of the pristine PVDF membrane (Figure 3.3(a)), the C1s 
core–level spectrum can be curve-fitted with two peak components, with binding 
energies (BE) at 285.8 eV for the CH2 species and at 290.5 eV for the CF2 species 
(Briggs, 1998). The ratio for the two peaks is about 1.04, which is in good agreement 
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Figure 3.2 FT-IR spectra of  (a) the pristine PVDF film, and three thin films cast 
from the acetone solution of PAAc-g-PVDF copolymers prepared from [AAc] to 
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Figure 3.3 XPS C1s core-level spectra of four MF membranes cast by phase inversion 
from 12 wt% NMP solutions of: (a) the pristine PVDF and the PAAc-g-PVDF 
copolymers prepared from [AAc] to [-CH2CF2-] feed (weight) ratios of: (b) 3, (c) 5 





1992). On the other hand, the C1s core-level spectra of the PAAc-g-PVDF membranes 
are curve-fitted with five components using the following approaches. The two peak 
components of about equal intensities (with BE at 285.8 eV for the CH2 species and at 
290.5 eV for the CF2 species) can be assigned to the PVDF main chains. The 
component with BE at 288.5 eV is assigned to the O-C=O species of the grafted AAc 
polymer chains (Briggs, 1998). The component with BE at 284.6 eV, on the other hand, 
is attributed to the hydrocarbon backbone of the grafted AAc polymer chain. Finally, 
the peak component with BE at about 286.2 eV is assigned to the CO species. The 
increase in graft concentration with the [AAc] to [-CH2CF2-] feed ratio is readily 
indicated by the steady increase in the O-C=O peak component intensity and the 
steady decrease in the CF2 peak component intensity in Figures 3.3(b) to 3.3(d). Thus, 
in agreement with the FT-IR results for the copolymer films, the XPS data suggest the 
same dependence of the graft concentration in the PAAc-g-PVDF membranes on the 
[AAc] to [-CH2CF2-] feed ratio.  
 
3.1.2.5 Bulk Graft Concentrations of the PAAc-g-PVDF Copolymers 
The bulk graft concentrations of the copolymers can be derived from the carbon to 
fluorine ratio, obtained from the elemental analyses. The graft concentration in terms 
of the number of AAc repeat units per PVDF repeat unit, or the ([-AAc-]/[-CH2CF2-
])bulk molar ratio, can be obtained readily from the ([C]/[F])bulk molar ratio by taking 
into account of the carbon stoichiometries of the graft and the main chains, and the 
carbon to fluorine ratio of the PVDF main chains. Thus, the ([-AAc-]/[-CH2CF2-])bulk 
molar ratio can be calculated from the following relationship: 





where the factor 2/3 accounts for the fact that there are 2 and 3 carbon atoms per repeat 
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Figure 3.4 Effect of the [AAc] to [-CH2CF2-] feed (weight) ratio on the bulk 





Figure 3.4 shows the dependence of the AAc polymer graft concentration in the PAAc-
g-PVDF copolymer, expressed as the ([C]/[F])bulk and ([-AAc-]/[-CH2CF2-])bulk molar 
ratios, on the [AAc] to [-CH2CF2-] feed (weight) ratio used for the thermally-induced 
graft copolymerization. The graft concentration increases with increasing AAc 
monomer concentration used for graft copolymerization. The effect of the AAc 
monomer concentration, however, was limited by the onset of the gelation effect when  
the [AAc] to [-CH2CF2-] feed (weight) ratio exceeded 6 under the present graft 
copolymerization conditions. 
 
3.1.2.6 Thermogravimetric Analysis of the PAAc-g-PVDF Copolymers 
The thermal stability of the graft copolymers is studied by thermogravimetric (TG) 
analysis. Figure 3.5 shows the respective TG analysis curves of the pristine PVDF 
homopolymer, the AAc homopolymer and the PAAc-g-PVDF copolymers of different 
graft concentrations. The PAAc-g-PVDF samples show intermediate weight loss 
behavior in comparison to that of the pristine PVDF homopolymer (Curve 1) and that 
of the AAc homopolymer (Curve 6). A distinct two-step degradation process is 
observed for the copolymer samples. The onset of the first major weight loss at about 
200°C corresponds to the decomposition of the AAc polymer component. The second 
major weight loss begins at about 400°C, corresponding to the decomposition of the 
PVDF main chain. The extent of the first major weight loss at about 200°C coincides 


























































Figure 3.5 TG analysis curves of (1) the PVDF homopolymer; the PAAc-g-PVDF 
copolymers of graft concentrations of (2) [C]/[F]bulk=1.01 or 0.7 wt% AAc 
polymer, (3) [C]/[F]bulk=1.09 or 5.7 wt% AAc polymer, (4) [C]/[F]bulk=1.25 or 14.3 






3.1.2.7 Surface Characterization of the PAAc-g-PVDF Copolymer Films and 
Membranes 
The effects of the AAc polymer graft concentration on the surface characteristics of the 
resulting PAAc-g-PVDF copolymer films and membranes were evaluated by SEM, 
XPS and static water contact angle measurements. The surface graft concentrations are 
determined from the XPS-derived carbon to fluorine ratio. Taking into account of the 
fact that the PVDF main chain has a [C]/[F] molar ratio of 1.0, the surface graft 
concentration in terms of the number of AAc repeat units per PVDF repeat unit, or the 
fact that the PVDF main chain has a [C]/[F] molar ratio of 1.0, the surface graft 
concentration in terms of the number of AAc repeat units per PVDF repeat unit, or the 
([-AAc-]/[-CH2CF2-])surface ratio, of the copolymer films (and membranes) can be 
obtained from the XPS-derived surface [C]/[F] ratio and the same relationship as that 
used to determine the bulk graft concentration. 
 
3.1.2.8 Water Contact Angles of the Copolymer Films 
After the ozone treatment in NMP solution, the water contact angle of the PVDF film 
cast from acetone solution decreased from 133° to 120°. Thus the film cast from the 
ozone-treated PVDF is less hydrophobic than that cast from the pristine PVDF. The 
water contact angle of a pure dense PVDF film with smooth surface, obtained from 
Goodfellow Ltd. of Cambridge, U.K., is about 82°. The large contact angle for the 
present PVDF film is probably due to the high surface roughness of the film cast from 
the acetone solution. Figure 3.6 shows the dependence of water contact angle of the 
PAAc-g-PVDF film on the surface graft concentration of the copolymer film. It 
suggests that a substantial decrease in water contact angle of the PVDF film can be 
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Figure 3.6 Effect of surface graft concentration on the water contact angle of the 





the hydrophilic nature of the grafted AAc polymer side chains. Thus, with the increase 
in the AAc polymer graft concentration, and correspondingly the amount of 
hydrophilic carboxyl groups, the water contact angle of the PVDF film decreases.  
 
3.1.2.9 Surface Morphologies and Compositions of the MF Membranes Prepared 
from the PAAc-g-PVDF Copolymers. 
The surface morphologies of the PAAc-g-PVDF MF membranes were revealed by 
SEM. The SEM images in Figure 3.7 were obtained at a magnification of 2000× for 
MF membranes cast by the phase inversion technique at 25°C from 12 wt% NMP 
solutions of pristine PVDF and three PAAc-g-PVDF copolymers of different graft 
concentrations. The membranes cast from the NMP solutions of PAAc-g-PVDF 
copolymer samples have a much more uniform pore size distribution and higher 
porosity than that cast from the NMP solution of pristine PVDF. At low graft 
concentration, the distribution of the side chains are irregularly, the exchange between 
the solvent and nonsolvent mainly focus in hydrophilic parts. Thus, large mean pore 
size and less uniform pore size distribution are observed. With the increase in 
concentration of the acrylic acid side chains, the copolymer becomes more hydrophilic. 
With the increased interaction between the copolymer and the nonsolvent, the 
exchange between the nonsolvent and solvent will happen around most part of the 
backbones. Thus, a smaller mean pore size and relative uniform pore size distribution 
are observed. 
 
The surface compositions of the PAAc-g-PVDF MF membranes prepared by the phase 
inversion method were similarly determined from the XPS data, and the carbon and 


































































Figure 3.7 SEM micrographs of the MF membranes cast with phase inversion from 
12 wt% NMP solutions of (a) the pristine PVDF, and the PAAc-g-PVDF 
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Figure 3.8 Effect of the [AAc]/[-CH2CF2-] weight ratio in the feed on the 





dependence of the surface graft concentration of the PAAc-g-PVDF MF membrane on 
the [AAc] to [-CH2CF2-] feed (weight) ratio used for the thermally-induced graft 
copolymerization. The surface graft concentration increases almost linearly with the 
[AAc] to [-CH2CF2-] feed ratio at the [AAc] to [-CH2CF2-] feed ratio above 2. 
 
The surface [C]/[F] ratios (determined by XPS) and the bulk [C]/[F] ratios (determined 
by elemental analysis) for MF membranes cast from NMP solutions of PAAc-g-PVDF 
copolymers of different graft concentrations are compared in Figure 3.9. It can be seen 
that the surface [C]/[F] ratio is generally higher than the corresponding bulk [C]/[F] 
ratio. This phenomenon is due to the enrichment of the hydrophilic AAc polymer at 
the outermost surface during the course of membrane formation by the phase-inversion 
technique in an aqueous medium. 
 
3.1.2.10 Analysis of Pore Size and pH-Dependent Permeability of the PAAc-g-
PVDF MF Membranes 
The pore sizes of the pristine PVDF and various PAAc-g-PVDF membranes, as 
measured on the Coulter® Porometer II, are summarized in Table 3.2. The ‘POROFIL’ 
(Reference Manual of Coulter® Porometer II) wetted sample is subjected to an 
increasing pressure, exerted by a gas source. As the pressure of gas increases, it will 
reach a point at which it can overcome the surface tension of the liquid in the largest 
pores and will push the liquid out. The pressure is termed the minimum bubble point 
and corresponds to the measurement of maximum pore size. Increasing the pressure 
still further allows the gas to flow through smaller pores, until all of the pores have 
been emptied. The result is governed by the Washburn equation (Washburn, 1921):  





where P is the pressure, r is the average  pore radius of a membrane sample, and γ × 
cosθ is the Wilhelmy surface tension. The data in Table 3.2 show that the pore size 
distributions of the PAAc-g-PVDF membranes are similar to those of the commercial 
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Figure 3.9 Comparison between surface and bulk graft concentration of the MF 
membranes cast via the phase inversion from 12 wt% NMP solutions of the 







Table 3.2 Pore Sizes of the Pristine PVDF and the PAAc-g-PVDF MF Membranes 






Max Pore Sizeb) (µm) Min Pore Sizeb) (µm) Mean Pore Sizeb) (µm) 
PVDF 
(da)=0.22 µm) 0.00 0.72 0.52 0.57 
PVDF 
(d=0.45µm) 0.00 1.86 1.17 1.41 
PVDF 
(d=0.65 µm) 0.00 2.40 1.42 1.96 
PAAc-g-PVDF 1.20 2.98 1.30 1.66 
PAAc-g-PVDF 2.46 2.77 1.32 1.52 
 
a)d represents the standard pore size of the commercial pristine PVDF membrane. Three commercial PVDF membranes, with average pore sizes 
of 0.22 µm, 0.45 µm, 0.65 µm, respectively, are used. 





Thus, the commercial PVDF membranes with d=0.45 µm and d=0.65 µm were 
selected as the pristine PVDF MF membranes for the comparative flux study in the 
present work. 
 
The pH-dependent flux of the aqueous solution through the PAAc-g-PVDF MF 
membranes was then investigated. The results are shown in Figure 3.10. The 
permeability of the pristine PVDF MF membranes to an aqueous solution is pH-
independent (Curve 5 and Curve 6). The rate of permeation of an aqueous solution 
through the PAAc-g-PVDF MF membrane, on the other hand, increases with the 
decrease in solution pH from 6 to 1, with the most drastic increase being observed 
between pH 2 to 4 (Figure 3.10, Curve 1 and Curve 3). The changes in permeation rate 
in response to the changes in solution pH may be attributed to the change in 
conformation of the AAc polymer side chains on the surface (including the pore 
surface) of the PAAc-g-PVDF MF membrane. Under the high-pH conditions (pH>3), 
the AAc polymer side chains adopt a highly extended conformation, arising from the 
strong interaction with the aqueous environment and the electrostatic repulsion among 
the side groups. Thus, the grafted AAc chains extend into the pores and reduce the 
permeation rate of the aqueous solution. On the other hand, the AAc polymer chains 
assume a helical conformation under the low-pH conditions (Ito et al., 1997). The 
steric obstruction to the pores of the membrane is substantially reduced. Hence the 
permeation rate is increased. This mechanism is termed a “through-pore mechanism” 
and has been studied by Israels et al (Israels et al., 1994), using a two-dimensional self-






The pH-dependent changes in permeation rate for the aqueous solutions with pH 
values between 1 and 6 are completely reversible, as illustrated by the reversible 
decrease in the permeation rate when the solution pH is increased (Figure 3.10, Curve 
2 and Curve 4). This result suggests that both the extent of interaction with the aqueous 
 
 
Figure 3.10 pH-dependent water permeability through the PAAc-g-PVDF and the 
pristine PVDF MF membranes. Curves 1 and 2, and Curves 3 and 4 are obtained 
on two PAAc-g-PVDF MF membranes of different graft concentrations when 
subjected to pH cycling, while Curves 5 and 6 are the flux through the 
commercial PVDF membranes (std. pore size, d= 0.65 µm and d=0.45 µm, 
respectively) with characteristic pore-size distributions similar to those of the 
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 environment and the conformation of the graft chains vary, reversibly, with the pH of 
the solution to control the effective pore size of the membrane. The data in Figure 3.10 
also show that the solution flux through the membrane decreases with the increase in 
PAAc-g-PVDF graft concentration.(Compare Curve 1 to Curve 3 or Curve 2 to Curve 
4) This phenomenon is consistent with the hydrophilic nature of the graft chains. The 
increase in graft concentration of the AAc polymer results in a larger ‘dragging’ effect 
exerted by the hydrophilic graft chains at the solid-fluid interface.  
 
Finally, it may be appropriate to state that, although the pH sensitive properties of the 
present PAAc-g-PVDF membranes are similar to those reported in the earlier fine 
works involving modified PVDF membranes from surface grafting (Iwata et al., 1997; 
Iwata et al. 1998), the present work offers an alternative approach to membrane surface 
modification and functionalization. Molecular modification of PVDF prior to 
membrane casting allows a better control of the final pore size and pore size 
distribution. The technique also helps to minimize the disparity in graft concentrations 
or chemical compositions of the membrane surface and the surfaces of the pores. The 
technique is thus potentially useful to the preparation of, for example, hollow fiber 






A new graft copolymer, PAAc-g-PVDF, was successfully synthesized through the 
molecular graft copolymerization of AAc with the ozone-preactivated PVDF backbone. 
The MF membranes prepared from the PAAc-g-PVDF copolymers of different graft 
concentrations by the phase inversion technique in water showed enrichment of the 
hydrophilic AAc polymer in the surface region. The flux of the aqueous solution 
through the PAAc-g-PVDF MF membranes exhibited a strong and reversible 
dependence on solution pH in the pH range of 1 to 6. Thus, the new copolymer is a 
promising material for fabricating MF membranes with well-controlled pore size, 
uniform surface composition (including the composition of the pore surface), and pH-
sensitive properties.  
 
The present study has shown that molecular functionalization by graft 
copolymerization prior to membrane fabrication is a relatively simple approach to the 
preparation of membranes with uniform surface (including the pore surfaces) 
properties. Heterogeneous surface graft polymerization on porous membranes has been 
known to typically result in changes in membrane pore size distribution (Nunes et al., 
1995; Hester et al., 1999). Thus, the molecular (homogeneous) graft copolymerization 
approach to membrane fabrication may prove to be particularly useful in certain cases, 
such as the case of hollow fiber membranes, where uniform post-functionalization by 










3.2 pH Effect of the Coagulation Bath on the Characteristics of 
Poly(acrylic acid)-grafted and Poly(4-vinylpyridine)-grafted-
Poly(vinylidene fluoride) Microfiltration Membranes 
3.2.1 Experimental Section 
3.2.1.1 Materials 
Poly(vinylidene fluoride) (PVDF, Kynar® K-761) powders having a molecular weight 
of 441,000, N-methyl-2-pyrrolidone (NMP, reagent grade) and Acrylic acid (AAc) 
were the same as described in 3.1.1.1. 4-vinylpyridine (4VP) of 95% purity, on the 
other hand, was obtained from Aldrich Chemical Co. The monomers were purified by 
vacuum distillation prior to use. 
 
3.2.1.2 Pre-activation of PVDF in Solution 
The process of ozone pretreatment of PVDF was the same as in Section 3.1.1.2.  
 
3.2.1.3 Graft copolymerization of PVDF with AAc and 4VP: The PAAc-g-PVDF 
and P4VP-g-PVDF copolymers  
The process of thermally-induced graft copolymerization of PVDF with acrylic acid or 
4VP monomer was similar to that described in Section 3.1.1.3. In this section, the 
monomer concentration was fixed at 0.30 g/mL for AAc or 0.15 g/mL for 4VP.  
 
3.2.1.4 Preparation of Micro-filtration (MF) Membranes  
The MF membranes were prepared by phase inversion from 12 wt% NMP solution of 
the copolymer. The copolymer solution was cast onto a glass plate, which was then 





solutions of pH 0 to 6 were prepared by adding appropriate amount of 1M HCl. 
Aqueous solutions of pH 8 to 14, on the other hand, were prepared by adding the 
appropriate amounts of 1 M NaOH into the doubly distilled water. The ionic strength 
of the coagulation bath, on the other hand, was kept constant by adding appropriate 
amounts of NaCl. Each membrane was left in the coagulation bath for about 20 min 
after separation from the glass plate. It was then extracted in a second bath of doubly 
distilled water at 70°C for 30 min. Such a heat treatment step was commonly 
performed during the fabrication of commercial membranes in order to refine the pore 
size distribution (Strathmann et al., 1975). The purified membranes were dried under 
reduced pressure for subsequent characterization. 
 
3.2.1.5 Surface composition measurements by XPS 
The conditions for the X-ray photoelectron spectroscopy (XPS) measurements were 
similar to those described in Section 3.1.1.6. 
 
3.2.1.6 Morphologies and pore sizes of the MF membranes 
The surface morphology of the MF membranes was studied by scanning electron 
microscopy (SEM), using a JEOL 6320 electron microscope. The pore sizes of the 
PAAc-g-PVDF and P4VP-g-PVDF membranes, cast in aqueous coagulation baths of 
different pH values, were measured using a Coulter® Porometer II apparatus, 
manufactured by Coulter Electronics Ltd., UK. ‘POROFIL’ (the pore wetting liquid 
for the Coulter® Porometer instrument) was used as a wetting agent (Reference 








3.2.1.7 Measurement of pH-dependent solution flux through the MF membranes 
 
The PAAc-g-PVDF and P4VP-g-PVDF MF membranes cast in coagulation baths of 
different pH values were pre-conditioned in an aqueous solution of a prescribed pH 
value before being mounted on the micro-filtration cell (Toyo Roshi UHP-25, Tokyo, 
Japan). The measurements were similar to those described in Section 3.1.1.11. 
 
3.2.2 Results And Discussion 
3.2.2.1 Thermally-induced graft copolymerization of the ozone-preactivated 
PVDF with AAc and 4VP: The PAAc-g-PVDF and P4VP-g-PVDF copolymers 
 The functional copolymers were prepared by thermally-induced molecular graft 
copolymerization of acrylic acid (AAc) or 4-vinylpyridine (4VP) with the ozone pre-
activated poly(vinylidene fluoride) (PVDF) at 60°C for 3 h in NMP solution and under 
a nitrogen atmosphere. The molar feed ratios of [AAc] to [-CH2CF2-] and [4VP] to [-
CH2CF2-] were fixed at 5.34 and 1.86, respectively, in the present work. The 
copolymers obtained were purified and dried by pumping under reduced pressure prior 
to membrane fabrication. The bulk composition of the copolymer was determined by 
elemental analysis. Under the present experimental conditions and the [AAc] to [-
CH2CF2-] molar feed ratio employed, the bulk composition of the PAAc-g-PVDF 
copolymer (([C]/[F])bulk) is 1.3, which corresponds to a graft concentration (number of 
AAc repeat units per repeat unit of PVDF, or [-AAc-]/[-CH2CF2-] ratio), of 0.2. 
Similarly, for the [4VP] to [-CH2CF2-] molar feed ratio used, the bulk composition of 
the P4VP-g-PVDF copolymer (([N]/[C])bulk) is 0.02, which corresponds to a graft 
concentration, or [-4VP-]/[-CH2CF2-] ratio, of 0.06. The average degree of graft 
polymerization, or the graft chain length, can be estimated from the peroxide 





of 33 and 10 repeat units are obtained for the PAAc-g-PVDF and P4VP-g-PVDF 
copolymer, respectively. 
 
3.2.2.2 XPS analysis of the copolymer MF membranes  
The surface composition of the copolymer MF membranes cast in coagulation baths of 
various pH were studied by XPS. Figures 3.11(a) to 3.11(d) show the respective C1s 
core-level spectra of the PAAc-g-PVDF MF membranes cast in coagulation baths of 
pH 0 to 10. The C1s core-level spectra of the PAAc-g-PVDF membranes are curve-
fitted with five peak components using the following approaches. The two peak 
components of about equal intensities (with BE at 285.8 eV for the CH2 species and at 
290.5 eV for the CF2 species) can be assigned to the PVDF main chains (Briggs, 1998). 
The component with BE at 284.6 eV, is assigned to the hydrocarbon backbone of the 
grafted AAc polymer chain. The peak components with BE at 286.2 eV and 288.5 eV 
are assigned to the CO and O-C=O species of the grafted AAc polymer chains, 
respectively (Briggs, 1998). Figure 3.11(a) to 3.11(d) show that when the pH of the 
coagulation bath is increased from 0 to 10, there is a steady decrease in the surface 
graft concentration of the AAc polymer, as indicated by a steady decrease in the O-
C=O peak component intensity. On the other hand, the peak components associated 
with the PVDF backbone, viz., the CF2 and (CH)PVDF components, increases 
accordingly.  
 
In the case of the P4VP-g-PVDF membranes (Figure 3.11(e) and 3.11(f)), the C1s 
core-level spectra are curve-fitted with five chemical species using the following 
approaches. The two peak components of about equal intensities, with the BE at 285.8 
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Figure 3.11 XPS C1s core-level spectra of the PAAc-g-PVDF MF 
membranes cast by phase inversion in aqueous coagulation baths of pH 
(a) 0, (b) 6, (c) 8, and (d) 10. The casting solution contained 12 wt% 
PAAc-g-PVDF copolymer (([-AAc-]/[-CH2CF2-])bulk=0.2) in NMP. XPS 
C1s core-level spectra of the P4VP-g-PVDF MF membranes cast in 
aqueous coagulation baths of pH (e) 1 and (f) 6. The casting solution 
contained 12 wt% P4VP-g-PVDF copolymer (([-4VP-]/[-CH2CF2-





 the PVDF main chains. The peak component with BE at about 286.2 eV is assigned to 
the C-O species of the oxidized carbon species and the remaining peroxides on the 
main chains. The peak component with BE at 284.6 eV, on the other hand, is assigned 
to the hydrocarbon backbone of the grafted 4VP polymer chain. Finally, the remaining 
area of the peak component with BE at about 285.8 eV is assigned to the CN species. 
This BE coincides with that of the CH2(PVDF) species. The changes in C1s core-level 
lineshape in Figure 3.11(e) and 3.11(f) indicate that the surface graft concentration of 
the 4VP polymer increases with the increase in pH of the coagulation bath. 
 
3.2.2.3 Surface morphologies of the copolymer MF membranes prepared from the 
aqueous coagulation bath of different pH values 
The surface morphologies of the PAAc-g-PVDF MF membranes were revealed by 
SEM. The SEM images in Figure 3.12 are obtained at a magnification of 2000× for 
MF membranes cast at 25°C from 12 wt% NMP solutions of the PAAc-g-PVDF 
copolymer (bulk composition or ([C]/[F])bulk=1.3) in aqueous coagulation baths of 
different pH values. At the pH’s of the casting bath below the pKa value of the AAc 
polymer (pKa=4.28 (Ito et al., 1992)), the pore size distribution and porosity do not 
vary significantly with the casting pH (Figures 3.12(a) and 3.12(b)). For membranes 
cast at pH values between 4 and 6 (around the pKa of the AAc polymer, Figures 3.12(c) 
and 3.12(d)), the pore size distribution of the membrane becomes more uniform and 
the porosity increases slightly. However, at casting pH above the pKa of the AAc 
polymer (Figures 3.12(e) and 3.12(f)), the pore size distribution becomes less uniform 
and the mean pore size increases further. In the case of the P4VP-g-PVDF membranes, 





coagulation bath is reversed. The pore size distribution becomes more uniform and the 
mean pore size decreases substantially with the increase in pH of the casting bath. 
 
(a) PAAc-g-PVDF membrane cast 
      at pH 0, ([C]/[F])surface= 3.83 
(b) PAAc-g-PVDF membrane cast 
      at pH 2, ([C]/[F])surface= 3.44 
(c) PAAc-g-PVDF membrane cast 
      at pH 4, ([C]/[F])surface= 2.83 
(d) PAAc-g-PVDF membrane cast 
      at pH 6, ([C]/[F])surface= 2.43 
(e) PAAc-g-PVDF membrane cast  
     at pH 8, ([C]/[F])surface= 1.74 
(f) PAAc-g-PVDF membrane cast 
     at pH 10, ([C]/[F])surface= 1.29 
Figure 3.12 SEM images of the MF membranes cast by phase inversion in 





3.2.2.4 Effects of pH of coagulation bath on the surface graft concentrations and 
mean pore size of the copolymer membranes 
The surface graft concentrations of the PAAc-g-PVDF membranes can be derived 
from the carbon to fluorine ratio, obtained from the XPS analysis. The graft 
concentration in terms of the number of AAc repeat units per repeat unit of PVDF, or 
the ([-AAc-]/[-CH2CF2-])suface molar ratio, can be obtained readily from the 
([C]/[F])surface molar ratio by taking into account of the carbon stoichiometries of the 
graft and the main chains, as well as the carbon to fluorine ratio of the PVDF main 
chains. Thus, the ([-AAc-]/[-CH2CF2-])suface molar ratio can be calculated from the 
following relationship: 
([-AAc-]/[-CH2CF2-])suface = (2/3) × ([C]-[F])surface/[F]surface                (3.3) 
where the factor 2/3 accounts for the fact that there are 2 and 3 carbon atoms per repeat 
unit of PVDF and AAc polymer chains, respectively. Figure 3.13 shows the 
dependence of the surface graft concentration of the PAAc-g-PVDF membrane, 
expressed as the ([-AAc-]/[-CH2CF2-])suface molar ratio, on the pH of the coagulation 
bath. The surface graft concentration increases with decreasing pH of the coagulation 
bath. 
 
The observed variation in surface composition of the PAAc-g-PVDF membranes 
probably has resulted from the interaction of the grafted AAc polymer with the 
aqueous medium during membrane fabrication. The interaction of the hydrophilic AAc 
side chains with water induces the migration of the AAc segments to the surface or 
near-surface region of the membrane. On the other hand, the electrostatic (anionic) 
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Figure 3.13 Effect of pH of the coagulation bath on the surface composition






matrix to the surface. For the PAAc-g-PVDF membranes cast in the coagulation baths 
of pH between 0 and 4 (below pKa of the AAc polymer, pKa=4.28), the AAc side 
chains in the PAAc-g-PVDF copolymers contain more neutral COOH groups than 
charged COO- groups. Thus, in the pH range of 0 to 4, the interaction of the side 
chains with the aqueous media overcomes the electrostatic repulsion of the side chains, 
and is the main driving force for the migration of the AAc segments to the surface 
region of the membrane.  On the other hand, for the PAAc-g-PVDF membranes cast in 
coagulation baths having pH values higher than 4 (near or above pKa of the AAc 
polymer), the electrostatic repulsion overcomes the interaction of the AAc side chains 
with the aqueous medium, and becomes the principal driving force. With further 
increase in pH, the COO- groups become the predominant species. As a result, the 
electrostatic repulsion becomes stronger, and the migration of the AAc segments from 
the bulk to the surface region becomes difficult. As a result, with the increase in pH of 
the coagulation bath, the surface concentration of the AAc side chains decreases.  
 
Figure 3.13 also show the variation in mean pore size of the MF membrane with the 
pH of the coagulation bath. The increase in membrane pore size with the pH of the 
casting bath is consistent with that observed in the SEM images. Casting membranes in 
acidic coagulation baths causes the mean pore size to increase slightly with increasing 
pH from 0 to 4 (below the pKa of the AAc polymer). Consistent with the SEM images 
in Figure 3.12, the increase in mean pore size between pH 0 to pH 4 is gradual and no 
drastic variation in porosity is observed. On the other hand, casting membranes at pH 
values higher than the pKa of the AAc polymer results in a substantial increase in the 
mean pore size. The changes in mean pore size and pore size distribution may be 





fabrication. For membranes cast at pH values lower than the pKa of the AAc polymer, 
the anionic nature of the AAc side chains is reduced. Thus, the electrostatic repulsion 
among the neighboring chains is reduced. This reduced electrostatic repulsion, in turn, 
allows a closer packing of the AAc chains in the surface region. Conversely, when the 
membrane is cast at a pH value higher than the pKa of the AAc polymer, the AAc 
polymer side chains contain a higher concentration of the anionic COO- groups. The 
electrostatic repulsion among the neighboring chains increases. This effect will result 
in the swelling of the AAc polymer network in the surface region. As a result, the 
mean pore size of the membrane increases. In addition, since only a limited amount of 
charges can be accommodated on the surface (including the pore surface) of the 
copolymer membrane, some of the charged side chains will shift into the sub-surface 
region of the membrane. Thus, the amount of the AAc side chains involved in the 
formation of the pores decreases. The porosity of the membranes decreases when the 
casting pH is raised from 8 to 10. 
 
For comparison purpose, the effect of the pH of the coagulation bath on the surface 
graft concentration and mean pore size of the P4VP-g-PVDF MF membranes was also 
investigated. The P4VP-g-PVDF MF membranes were prepared from PVDF with 
grafted 4VP polymer side chains (a base polymer) (Zhai et al., 2002). Figure 3.14 
shows that, with the increase in pH of the coagulation bath, the surface graft 
concentration of the P4VP-g-PVDF MF membranes increases and the mean pore size 
decreases. The behavior is completely opposite to that of the PAAc-g-PVDF MF 
membranes. As a weak base, the pendant pyridine groups of the grafted 4VP side 
chains are protonated and become complexed in an acid solution. The higher extent of 
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Figure 3.14 Effect of pH of the coagulation bath on the surface





effectively limit the migration of vinylpyridine segments from the bulk of polymer 
matrix to the membrane surfaces during the phase inversion process. As a result, the 
surface graft concentration of the 4VP side chains decreases with the decrease in pH of 
the coagulation bath. At the same time, the electrostatic repulsion among the charged 
side chains gives rise to the formation of larger pores in the membrane. In a basic 
medium, however, the electrostatic repulsion is reduced and the surface concentration 
of the 4VP side chains increases with the pH of the coagulation bath, resulting in the 
formation of smaller pores in the membrane. 
 
In summary, the combined effect of the interaction of hydrophilic polymer side chains 
with the aqueous medium of the coagulation bath and the electrostatic repulsion among 
the charged side chains gives rise to the observed variation in surface graft 
concentration and mean pore size of the two types of the copolymer membranes with 
the pH of the coagulation bath. 
 
3.2.2.5 pH-dependent permeability of the copolymer MF Membranes 
The pH-dependent flux of the aqueous solution through the PAAc-g-PVDF MF 
membranes is then investigated. The results are shown in Figure 3.15. The flux of an 
aqueous solution through the pristine PVDF MF membranes is pH-independent, as 
reported earlier (Figure 3.10). The permeation rate of an aqueous solution through the 
PAAc-g-PVDF MF membranes cast in coagulation baths of different pH values, on the 
other hand, increases with the decrease in permeate pH from 6 to 1. For the 
membranes cast in coagulation baths of pH values between 0 and 8 (Figure 3.15, 
Curve (a) to Curve (e)), the most drastic increase of permeation rate was observed 
between permeate pH of 2 to 4. The changes in permeation rate in response to the 
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Figure 3.15 pH-dependent permeability of aqueous solutions of pH 1-6 
through the PAAc-g-PVDF MF membranes cast from the coagulation 






polymer side chains on the surface (including the pore surface) and sub-surface region 
of the PAAc-g-PVDF MF membrane. Under the high-pH conditions (pH>3), the AAc 
polymer side chains adopt a highly extended conformation, arising from the strong 
interaction with the aqueous environment and the electrostatic repulsion among the 
side groups. Thus, the grafted AAc chains extend into the pores and reduce the 
permeation rate of the aqueous solution. On the other hand, the AAc polymer chains 
assume a helical conformation under the low-pH conditions (Tonge and Tighe, 2001). 
The steric hindrance to the transport through the pores of the membrane is 
substantially reduced. Hence the permeation rate is increased. The pH-dependent 
changes in permeation rate through the PAAc-g-PVDF MF membrane for the aqueous 
solutions with pH values between 1 and 6 are completely reversible. This result 
suggests that both the extent of interaction with the aqueous environment and the 
conformation of the graft chains vary, reversibly, with the pH of the solution to control 
the effective pore size of the membrane.  
 
The data in Figure 3.15 also show that the solution flux decreases with the membranes 
cast in decreasing pH of the coagulation bath. In addition, for membranes cast at high 
and low pH of the coagulation bath, the sensitivity of the membranes to the changing 
pH of the permeate is reduced. With the decrease in pH of the coagulation bath, the 
surface graft concentration of the AAc polymer increases. It results in an increasing 
‘dragging’ effect exerted by the hydrophilic graft chains at the solid-fluid interface 
(Iwata et al., 1998). At a high surface graft concentration, the pores are filled by the 
AAc polymer chains, causing a low filtration rate and a low pH-sensitivity even in 
acidic solutions. When the pH of the coagulation bath is increased to above 8, the 





although the mean pore sizes are large enough for micro-filtration. As a result, the pH-
sensitivity of the membrane to the permeate decreases accordingly. Therefore, there 
exists an optimal pH of the coagulation bath for preparing membranes with optimum 
sensitivity to the pH of permeate. At this optimal pH of the casting bath, a compromise 
between the surface graft concentration of the AAc polymer and membrane mean pore 
size is achieved. The optimal pH of the coagulation bath for the preparation of the 
PAAc-g-PVDF MF membranes appears to be around 6 to 7. 
 
The pH-dependent flux behavior of the aqueous solution through the PAAc-g-PVDF 
membranes is compared to that through the P4VP-g-PVDF MF membranes. Figure 
3.16 shows the flux behavior of aqueous solutions through the P4VP-g-PVDF MF 
membranes cast in coagulation baths of pH 1 (Curve 1), 3 (Curve 2), 4 (Curve 3), and 
6 (Curve 4). The pH-dependent flux behavior through the P4VP-g-PVDF MF 
membranes is opposite to that through the PAAc-g-PVDF MF membranes. With the 
decrease in pH of the aqueous solution, the flow rate also decreases, with the most 
drastic decrease being observed at pH values around 3 to 6. The sensitivity of the 
P4VP-g-PVDF MF membrane to the permeate pH arises from the interaction between 
the aqueous medium and the 4VP chains grafted and enriched on the membrane 
surface, especially on the pore surface. Pyridine ring has the characteristics of a weak 
acid. It can become involved in interactions with aqueous acid media (pH 6 to 1) 
through hydrogen bonding and protonation, leading to a strong electrostatic repulsion 
among the positively charged pyridine rings of the 4VP polymer side chains. When the 
permeate pH is low (the proton concentration is high), such repulsion is enhanced. 
Thus, the 4VP side chains have to adopt a highly extended conformation on and near 


























Figure 3.16 pH-dependent permeability of aqueous solutions of pH 1-6 
through the P4VP-g-PVDF MF membranes cast from the coagulation baths





membrane to the permeate. The flux results in Figure 3.16 also indicate that the highest 
sensitivity to permeate pH is observed for the P4VP-g-PVDF MF membranes cast near  
the neutral pH. At this pH, a compromise between the 4VP polymer surface graft 







The PAAc-g-PVDF and the P4VP-g-PVDF MF membranes were cast by phase 
inversion technique in aqueous coagulation baths of various pH values. The surface 
graft concentration, the mean pore size and pore size distribution exhibited a strong 
dependence on the pH of the coagulation bath. Thus, MF membranes with different 
surface composition (graft concentration) and mean pore size could be obtained from 
the same copolymer by adjusting pH of the casting bath. The flux of aqueous solutions 
through both the PAAc-g-PVDF and P4VP-g-PVDF MF membranes was pH-
dependent, albeit in an opposite manner.  The phenomena arose from the weak acid 
and base nature of the respective AAc and 4VP graft chains. Since the pH of the 
coagulation bath had an opposite effect on the surface graft concentration and mean 
pore size of each copolymer membrane, the optimum sensitivity to changes in 
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4.1 Experimental Section 
4.1.1 Materials 
Poly(vinylidene fluoride) (PVDF, Kynar® K-761) powders and N-methyl-2-
pyrrolidone (NMP, reagent grade) were the same as described in 3.1.1.1. The N-
isopropylacrylamide (NIPAAM) monomer, on the other hand, was obtained from 
Aldrich Chem. Co.  
 
4.1.2 Graft Copolymerization of PVDF with N-isopropylacrylamide (NIPAAM): 
The PNIPAAM-g-PVDF Copolymer  
The process of thermally-induced graft copolymerization of PVDF with NIPAAM 
monomer was similar to that described in Section 3.1.1.3. The functional copolymer 
was prepared by thermally-induced molecular graft copolymerization of the ozone pre-
activated PVDF with NIPAAM at 60°C for 6 h in a homogeneous NMP solution and 
under an argon atmosphere. The NIPAAM monomer concentration was varied from 
0.05 g/ml to 0.25 g/ml. The final volume of each reaction mixture was adjusted to 40 
ml. The solution was saturated with purified argon for 30 min under stirring. A 
constant flow of argon was maintained during the thermal graft copolymerization 
process. After the desired reaction time (6 h), the reactor flask was cooled in an ice 
bath and the NIPAAM graft-copolymerized PVDF (PNIPAAM-g-PVDF) was 
precipitated in excess doubly distilled water at room temperature. After filtration, the 
PNIPAAM-g-PVDF copolymer was further purified by stirring for 48 h in an excess 
amount of doubly distilled water at room temperature (25°C) to remove the residual 
NIPAAM homopolymer. The water in the bath was changed every 12 h. The 






4.1.3 Preparation of Micro-filtration (MF) Membranes  
The preparation of micro-filtration membranes was similar to that in Section 3.1.1.4. 
The processes for the preparation of the PNIPAAM-g-PVDF copolymer and the 
PNIPAAM-g-PVDF MF membrane are illustrated schematically in Figure 4.1. 
 
4.1.4 Characterization of the PNIPAAM-g-PVDF Copolymers and MF 
Membranes 
FT-IR spectra of the PNIPAAM-g-PVDF copolymers, dispersed in KBr, were obtained 
on a Bio-Rad FTS 135 FT-IR spectrophotometer. Each spectrum was collected by 
cumulating 16 scans at a resolution of 8 cm-1. 
 
The X-ray photoelectron spectroscopy (XPS) measurements, thermal analyses, 
elemental analyses and measurements of morphologies and pore sizes of the MF 
membranes were similar to those described in Section 3.1.1. 
 
4.1.5 Measurements of the Temperature-Dependent Flux Through the MF 
Membranes 
Distilled water and isopropanol were used to study the dependence of permeation rate 
on temperature. Flux experiments through the membranes were carried out under a 
pressure of 0.06 kg/cm2 using a stirred micro-filtration cell (Toyo Roshi UHP-25, 
Tokyo, Japan). The micro-filtration cell containing the permeate was kept in a 
thermostated water bath for at least 20 min before the flow was initiated (Iwata et al., 
1991). The temperature of the permeate was checked by a thermometer installed at the 






Scheme 1: Ozone Pretreatment in NMP









M = N-isopropylacrylamide 
Scheme 2: Thermal Graft Copolymerization in NMP 























By Phase Inversion 
A = PNIPAAM-g-PVDF MF Membrane 
Figure 4.1 Schematic illustrations of the processes of thermally-induced graft 
copolymerization of NIPAAM with the ozone-preactivated PVDF backbone and 












4.2 Results And Discussion 
4.2.1 Characterization of the NIPAAM Graft-Copolymerized PVDF: the 
PNIPAAM-g-PVDF Copolymers 
4.2.1.1 FT-IR Spectroscopy of the PNIPAAM-g-PVDF Copolymers 
The chemical structure of the NIPAAM graft-copolymerized PVDF (PNIPAAM-g-
PVDF) samples was studied by FT-IR spectroscopy. The FT-IR absorption spectra of 
the copolymer samples, dispersed in KBr and prepared from initial monomer feed 
ratios (molar ratios of [NIPAAM] monomer to [-CH2CF2-] repeat units of PVDF) of 
0.55 to 2.75, were shown in Figure 4.2. The spectra were compared to those of the 
NIPAAM homopolymer and the pristine PVDF. The absorption bands at 1645 cm-1 
and 1538 cm-1 associated, respectively, with the secondary amide C=O stretching and 
N-H stretching of the CONH groups of the NIPAAM polymer chains (Chen et al., 
1998), are present in all the PNIPAAM-g-PVDF samples. On the other hand, the 
absorption band in the region of 1120-1280 cm-1, characteristic of the CF2 functional 
groups of PVDF (Dean, 1995), is also present in all the copolymer samples. With the 
increase in [NIPAAM] to [-CH2CF2-] molar feed ratio, the intensity of the absorption 
bands at 1645 cm-1 and 1548 cm-1 are enhanced, suggesting an increase in 
concentration of the grafted NIPAAM polymer side chains. Therefore, the FT-IR data 
suggest that the graft concentration increases with the increase in the [NIPAAM] to [-
CH2CF2-] molar feed ratio used for graft copolymerization. The most drastic increase 
in graft concentration was observed at the [NIPAAM] to [-CH2CF2-] molar feed ratio 
above 1.1. This phenomenon is probably attributable to the fact that the graft 
copolymerization reaction in solution becomes diffusion-limited at the [NIPAAM] to 






















(a) Molar Feed Ratio 
([NIPAAM]/[-CH2CF2-]=0.55) 
(b) Molar Feed Ratio 
([NIPAAM]/[-CH2CF2-]=1.65) 
(c) Molar Feed Ratio 
([NIPAAM]/[-CH2CF2-]=2.75) 
(d) Pristine PNIPAAM 
Figure 4.2 FT-IR spectra of the PNIPAAM-g-PVDF copolymers synthesized with 
different [NIPAAM]/[-CH2CF2-] molar feed ratio of (a) 0.55, (b) 1.65, (c) 2.75, 





4.2.1.2 Bulk Graft Concentrations of the PNIPAAM-g-PVDF Copolymers 
The bulk graft concentrations of the copolymers can be derived from the carbon to 
fluorine ratio, obtained from the elemental analyses. The graft concentration in terms 
of the number of NIPAAM repeat units per PVDF repeat unit, or the ([-NIPAAM-]/[-
CH2CF2-])bulk molar ratio, can be obtained readily from the ([C]/[F])bulk molar ratio by 
taking into account of the carbon stoichiometries of the graft and the main chains, and 
the carbon to fluorine ratio of the PVDF main chain. Thus, the ([-NIPAAM-]/[-
CH2CF2-])bulk molar ratio can be calculated from the following relationship: 
([-NIPAAM-]/[-CH2CF2-])bulk = (1/3) × ([C]-[F])bulk/[F]bulk              (4.1) 
where the factor 1/3 accounts for the fact that there are 2 and 6 carbon atoms per repeat 
unit of PVDF and NIPAAM polymer chains, respectively. 
 
Figure 4.3 shows the dependence of the NIPAAM polymer graft concentration in the 
PNIPAAM-g-PVDF copolymer, expressed as the ([C]/[F])bulk and ([-NIPAAM-]/[-
CH2CF2-])bulk molar ratios, on the [NIPAAM] to [-CH2CF2-] feed (molar) ratio used 
for the thermally-induced graft copolymerization. The graft concentration increases 
with increasing NIPAAM monomer concentration used for graft copolymerization.  
 
4.2.1.3 Thermogravimetric Analysis of the PNIPAAM-g-PVDF Copolymers 
The thermal stability of the graft copolymers was studied by thermogravimetric (TG) 
analysis. The TG analysis curves of the pristine PVDF, the NIPAAM homopolymer 
and the PNIPAAM-g-PVDF copolymers of different graft concentrations were 












































2 -]bulk  [NIPAAM]/[-CH2CF2-] Molar Feed Ratio 
Figure 4.3 Effect of the [NIPAAM] to [-CH2CF2-] molar feed ratio on the bulk 



























Figure 4.4 TG analysis curves of: (1) the PVDF homopolymer; the PNIPAAM-g-
PVDF copolymers with graft concentrations of (2) ([C]/[F])bulk=1.02, (3) 






loss behavior in comparison to those of the pristine PVDF and that of the NIPAAM 
homopolymer. A distinct two-step degradation process is observed for the copolymer 
samples. The onset of the first major weight loss at about 375°C corresponds to the 
decomposition of the NIPAAM polymer component. The second major weight loss 
begins at about 475°C, corresponding to the decomposition of the PVDF main chain. 
The extent of the first major weight loss at about 375°C coincides approximately with 
the NIPAAM polymer content in the respective graft copolymer. 
 
4.2.2. Characterization of the PNIPAAM-g-PVDF Membranes 
4.2.2.1 XPS Analysis of the PNIPAAM-g-PVDF Membranes 
The surface compositions of the PNIPAAM-g-PVDF membranes were studied by XPS. 
Figures 4.5(a) to 4.5(d) show the respective C1s core-level spectra of the membranes 
prepared from the pristine PVDF and the PNIPAAM-g-PVDF copolymers of different 
feed compositions. All membranes were cast at a temperature of 27°C.  In the case of 
the pristine PVDF membrane (Figure 4.5(a)), the C1s core–level spectrum can be 
curve-fitted with two peak components, with binding energies (BE) at 285.8 eV for the 
CH2 species and at 290.5 eV for the CF2 species (Briggs, 1998). The ratio for the two 
peak components is about 1.04, which is in good agreement with the structure of 
PVDF and the data reported in the literature (Beamson and Briggs, 1992). On the other 
hand, the C1s core-level spectra of the PNIPAAM-g-PVDF membranes are curve-
fitted with five chemical species using the following approaches. The two peak 
components of about equal intensities (with BE at 285.8 eV for the CH2 species and at 
290.5 eV for the CF2 species) can be assigned to the PVDF main chains. The 
component with BE at 287.4 eV is assigned to the HNC=O species of the grafted 
























C-N and CH (PVDF) 
CH
(b) PNIPAAM-g-PVDF 
Molar Feed Ratio: 
[NIPAAM]/[-CH2CF2-]=0.55 
(c) PNIPAAM-g-PVDF 
Molar Feed Ratio: 
[NIPAAM]/[-CH2CF2-]=1.65 
(d) PNIPAAM-g-PVDF 
Molar Feed Ratio: 
[NIPAAM]/[-CH2CF2-]=2.75 
Binding Energy (eV)
Figure 4.5 XPS C1s core-level spectra of four membranes cast by phase inversion 
from 12 wt% NMP solutions of: (a) the pristine PVDF, and the PNIPAAM-g-
PVDF copolymers prepared from [NIPAAM] to [-CH2CF2-] molar feed ratios of: 





the other hand, is attributed to the hydrocarbon backbone of the grafted NIPAAM 
polymer chain. Finally, the remaining area of the peak component with BE at about 
285.8 eV is assigned to the CN species (Pan et al., 2001). As the CN and CH2 (PVDF) 
peak components have the same BE, they are combined and shown as a single peak 
component in Figure 4.5. The increase in graft concentration with the [NIPAAM] to [-
CH2CF2-] feed ratio is readily indicated by the steady increase in the HN-C=O peak 
component intensity and the steady decrease in the CF2 peak component intensity in 
Figures 4.5(b) to 4.5(d). Thus, in agreement with the FT-IR and bulk elemental 
analysis results for the copolymer samples, the XPS data suggest the same dependence 
of the graft concentration in the PNIPAAM-g-PVDF membranes on the [NIPAAM] to 
[-CH2CF2-] feed ratio.  
 
4.2.2.2 Surface Graft Concentrations of the PNIPAAM-g-PVDF Copolymer 
Membranes 
The surface graft concentrations of the PNIPAAM-g-PVDF MF membranes prepared 
by the phase inversion method were determined from the XPS-derived [C]/[F] ratio, or 
the ([C]/[F])surface ratio, and the carbon and fluorine stoichiometries of the graft and the 
main chains.  Figure 4.6 shows the dependence of the surface graft concentration of the 
PNIPAAM-g-PVDF MF membrane, cast at 27°C, on the [NIPAAM] to [-CH2CF2-] 
feed (molar) ratio used for the thermally-induced graft copolymerization. The surface 
graft concentration increases almost linearly with the [NIPAAM] to [-CH2CF2-] feed 
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Figure 4.6 Effect of the [NIPAAM]/[-CH2CF2-] molar feed ratio on the 
surface graft concentration of the PNIPAAM-g-PVDF copolymer 






When the surface [C]/[F] ratios (determined by XPS, Figure 4.6) and the bulk [C]/[F] 
ratios (determined by elemental analysis, Figure 4.3) for MF membranes cast from 
NMP solutions of PNIPAAM-g-PVDF copolymers of different graft concentrations 
are compared, it can be seen that the surface [C]/[F] ratio is generally higher than the 
corresponding bulk [C]/[F] ratio. This phenomenon is due to the enrichment of the 
NIPAAM polymer at the outermost surface during the course of membrane formation 
by the phase-inversion technique in the aqueous medium. 
 
4.2.2.3 Temperature-Dependent Surface Graft Composition, Surface Morphology 
and Pore Size Distribution of the PNIPAAM-g-PVDF MF Membranes 
The morphology of the PNIPAAM-g-PVDF MF membranes was studied by SEM. The 
symmetric nature of the membranes was indicated by the cross-sectional SEM images. 
The SEM images in Figure 4.7 are obtained at a magnification of 2000× for MF 
membranes cast by the phase inversion technique at 27°C in water from 12 wt% NMP 
solutions of four PNIPAAM-g-PVDF copolymers of different graft concentrations. 
The higher the graft concentration of the NIPAAM polymer in the copolymer sample, 
the higher the porosity and the more uniform the pore size distribution in the resulting 
membrane. 
 
The dependence of the membrane morphology on the casting temperature (temperature 
of the aqueous casting bath) was also investigated. The SEM images, obtained at a 
magnification of 2000×, for MF membranes cast by the phase inversion technique at 4, 
27, 32, 55°C from a 12 wt% NMP solution of the NIPAAM-g-PVDF copolymer 
([NIPAAM]/[-CH2CF2-] molar feed ratio= 2.75) are shown in Figure 4.8. At casting 





(a) PNIPAAM-g-PVDF Membrane 
      (Cast at 27°C in water) 
[NIPAAM]/[-CH2CF2-] Feed Ratio=0.55 
([-NIPAAM-]/[-CH2CF2-])surface=0.01 
(b) PNIPAAM-g-PVDF Membrane 
      (Cast at 27°C in water) 
[NIPAAM]/[-CH2CF2-] Feed Ratio=1.10 
([-NIPAAM-]/[-CH2CF2-])surface=0.06 
(c) PNIPAAM-g-PVDF Membrane 
      (Cast at 27°C in water) 
[NIPAAM]/[-CH2CF2-] Feed Ratio=2.20 
([-NIPAAM-]/[-CH2CF2-])surface=0.34 
(d) PNIPAAM-g-PVDF Membrane 
      (Cast at 27°C in water) 
[NIPAAM]/[-CH2CF2-] Feed Ratio=2.75
([-NIPAAM-]/[-CH2CF2-])surface=0.54 
Figure 4.7 SEM micrographs of the MF membranes cast at 27°C by phase inversion 
from 12 wt% NMP solutions of the PNIPAAM-g-PVDF copolymers with graft 





(a) PNIPAAM-g-PVDF Membrane 
(Cast at 4°C in water) 
[NIPAAM]/[-CH2CF2-] Feed Ratio=2.75
([-NIPAAM-]/[-CH2CF2-])surface=0.71 
(b) PNIPAAM-g-PVDF Membrane 
(Cast at 27°C in water) 
[NIPAAM]/[-CH2CF2-] Feed Ratio=2.75
([-NIPAAM-]/[-CH2CF2-])surface=0.54 
(c) PNIPAAM-g-PVDF Membrane 
(Cast at 32°C in water) 
[NIPAAM]/[-CH2CF2-] Feed Ratio=2.75
([-NIPAAM-]/[-CH2CF2-])surface=0.42 
(d) PNIPAAM-g-PVDF Membrane 
(Cast at 55°C in water) 
[NIPAAM]/[-CH2CF2-] Feed Ratio=2.75
([-NIPAAM-]/[-CH2CF2-])surface=0.39 
Figure 4.8 SEM micrographs of the MF membranes cast by phase inversion 






polymer (~32°C (Heskins et al., 1968)), no obvious difference in pore size distribution 
and porosity can be observed in the SEM images. On the other hand, for membranes 
cast at temperatures above the LCST of the NIPAAM polymer, the pore size 
distribution of the membrane becomes less uniform and the porosity decreases. As for 
the surface composition of the PNIPAAM-g-PVDF membranes, it is also affected by 
the membrane casting temperature. Figure 4.9 shows the dependence of the 
([N]/[C])surface ratio and the ([F]/[C])surface ratio of the PNIPAAM-g-PVDF membrane 
([NIPAAM]/[-CH2CF2-] molar feed ratio=2.75) on the membrane casting temperature. 
With the increase in membrane casting temperature, the ([N]/[C])surface ratio decreases. 
When the membrane is cast at a water temperature below the LCST, the NIPAAM 
polymer side chains are hydrated and assume a highly extended conformation. The 
hydrophilic groups (CONH) of the NIPAAM polymer side chains dissociate and 
distribute more favorably than the hydrophobic groups (CH(CH3)2) on the surface, 
including the pore surfaces, of the membrane. With the increase in the membrane 
casting temperature above the LCST, the change in chain conformation results in an 
increasing association of the hydrophobic groups on the surface to form compact 
molecular structures. As a result, the surface is dominated by the hydrophobic groups 
of the NIPAAM polymer side chains and the ([N]/[C])surface ratio decreases. The 
changes in chain conformation and orientation are also consistent with the fact that the 
([F]/[C])surface ratio increases with the increase in the membrane casting temperature 
above room temperature  and levels off at temperatures above the LCST (Figure 4.9).  
 
The pore sizes of the commercial PVDF and the various PNIPAAM-g-PVDF MF 
membranes, as measured on the Coulter® Porometer II, are showed in Table 4.1. The 
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Figure 4.9 Dependence of ([N]/[C])surface ratio and ([F]/[C])surface ratio on the 





membranes, cast from a 12 wt% NMP solution of the PNIPAAM-g-PVDF copolymers 
(graft conc. ([C]/[F])bulk=1.36 and 1.51) at 27°C, are similar to those of the commercial 
PVDF membranes with average pore diameters (d) between 0.45 µm and 0.65 µm. 
Thus, the commercial PVDF membranes with d=0.45 µm and d=0.65 µm were 
selected as the reference PVDF MF membranes for the comparative flux study (see 
below) in the present work. 
 
The effect of graft concentration of the PNIPAAM-g-PVDF copolymer on the pore-
size distribution of the resulting MF membrane is shown in Table 4.2. The membranes 
were cast from the 12 wt% NMP solutions of the PNIPAAM-g-PVDF copolymers at 
27°C. The surface graft concentration of the membranes was derived from the XPS 
data. In agreement with the SEM results for the copolymer membranes, the data in 
Table 4.2 suggest that the mean pore size of the membrane decreases with the increase 
in surface graft concentration of the membrane. 
 
The dependence of membrane pore-size distribution on the non-solvent temperature of 
the casting bath is also shown in Table 4.2. Thus, the mean pore size increases with the 
membrane casting temperature (non-solvent temperature). In the vicinity of the LCST 
(32°C) of the NIPAAM polymer, the most drastic change in membrane mean pore size 
is observed. The change in the membrane mean pore size in response to the change in 
membrane casting temperature may be attributed to the change in conformation of the 
NIPAAM polymer side chains on the surface (especially on the pore surfaces) of the 
PNIPAAM-g-PVDF membrane. When the membrane is cast at a non-solvent 






Table 4.1 Pore Sizes of the Pristine PVDF and the PNIPAAM-g-PVDF MF Membranes 











Min Pore Sizeb) 
(µm) 
Mean Pore Sizeb) 
(µm) 
PVDF (da)=0.22 µm) 
0.00 140 0.72 0.52 0.57 
PVDF (d=0.45µm) 
0.00 140 1.86 1.17 1.41 
PVDF (d=0.65 µm) 
0.00 140 2.40 1.42 1.96 
PNIPAAM-g-PVDFc) 0.34 120 2.16 0.50 1.52 
PNIPAAM-g-PVDFc) 0.54 120 2.07 0.60 1.51 
 
a)d represents the standard pore size of the commercial pristine PVDF membrane. Three commercial PVDF membranes, with standard pore sizes 
of 0.22 µm, 0.45 µm, 0.65 µm, respectively, are used. 
b)These pore sizes were measured on the Coulter® Porometer II which utilized a liquid displacement technique. 






Table 4.2 Effects of (a) Membrane Graft Concentration, (b) Casting Bath Temperature, and (c) Concentration of the Casting Solution on the 
Pore-size Distribution of the PNIPAAM-g-PVDF MF Membranes 
 
 










Conc. of Casting 
Solution  
(wt%) 
Max Pore Size 
(µm) 
Min Pore Size 
(µm) 
Mean Pore Size 
(µm) 
0.01 0.01 27 12 3.20 0.37 1.62 
0.02 0.06 27 12 3.18 0.39 1.57 
0.08 0.27 27 12 3.02 0.45 1.54 
0.12 0.34 27 12 2.16 0.50 1.52 
0.17 0.54 27 12 2.07 0.60 1.51 
      (b) Effect of Casting Bath Temperature on the Pore-Size Distribution 
0.17 0.71 4 12 2.03 0.53 1.48 
0.17 0.54 27 12 2.07 0.60 1.51 
0.17 0.42 32 12 2.83 0.37 1.58 
0.17 0.39 55 12 2.96 0.45 1.65 
                        (c) Effect of Concentration of the Casting Solution on the Pore-Size Distribution 
0.17 0.44 27 7 3.01 0.42 1.58 
0.17 0.54 27 12 2.07 0.60 1.51 
0.17 0.62 27 15 2.14 0.77 1.23 





assume a highly extended conformation. As a result, the mean pore size of the 
membrane is reduced. On the other hand, when cast at a temperature above the LCST, 
the NIPAAM polymer side chains associate hydrophobically to form excessively 
compact molecular structures on the surface, resulting in an increase in pore size and a 
decrease in porosity. The pore-size distribution of the PNIPAAM-g-PVDF membrane 
can also be controlled through the changes in solution concentration of the PNIPAAM-
g-PVDF copolymer used for membrane casting. The results are also shown in Table 
4.2. The membranes were cast from 7, 12, 15, 20 wt% NMP solutions of the 
PNIPAAM-g-PVDF copolymer ([NIPAAM]/[-CH2CF2-] molar feed ratio=2.75) at 
27°C. With the increase in solution concentration from 7 to 20 wt%, the mean pore 
size of the membrane decreases. The above results suggest that by regulating the 
solution concentration of the copolymer, the graft concentration, or the casting 
temperature, the pore size and porosity of the membranes cast by the phase inversion 
technique can be controlled to a certain extent. The graft copolymer approach to 
membrane preparation is thus much more versatile, than that of modification of the 
existing membranes by surface graft copolymerization or grafting, in the controlling of 
the pore size distribution and porosity of the membrane. 
 
4.2.3 Temperature-Dependent Permeability of the PNIPAAM-g-PVDF MF 
Membranes 
The temperature-dependent flux of the aqueous and organic solvents through the 
PNIPAAM-g-PVDF MF membranes was then investigated. The results for water flux 
are shown in Figure 4.10. The permeability of water through the commercial PVDF 
MF membranes is temperature independent (Curve 5 and Curve 8). The permeability 























16 PNIPAAM-g-PVDF Membrane Cast at 4°C in water 
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Cast at 32°C in water 
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Pristine PVDF (d=0.45 µm) 
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Figure 4.10 Temperature-dependent water permeability through the PNIPAAM-g-
PVDF ([NIPAAM]/[-CH2CF2-] molar feed ratio=2.75) and the commercial PVDF 
MF membranes. Curves 1 and 2 (membrane cast at 4°C), and Curves 3 and 4 
(membrane cast at 27°C) are the water fluxes through the two PNIPAAM-g-PVDF 
MF membranes when subjected to temperature cycling. Curves 6 (membrane cast at
55°C) and Curve 7 (membrane cast at 32°C) are the water fluxes through the two 
membranes cast at temperatures above LCST. Curve 5 and Curve 8 are the fluxes 
through the commercial PVDF membrane (std. pore size, d=0.65 µm and d=0.45 
µm, respectively) with characteristic pore-size distributions similar to those of the 






LCST (Curve 6 and Curve 7), also exhibits a temperature-independent behavior. For 
the PNIPAAM-g-PVDF membranes cast at temperatures above the LCST, the 
NIPAAM side chains associate hydrophobically on the membrane surface (including 
the surfaces of the pores). As a result, these membranes exhibit the same permeation 
behaviour for water as that of the hydrophobic pristine PVDF membrane. On the other 
hand, however, the rate of water flux through the PNIPAAM-g-PVDF membrane, cast 
at a temperature below the LCST (Curve 1 and Curve 3), increases with the increase in 
permeate temperature from 4 to 55°C, with the most drastic increase being observed at 
the permeate temperature of around 32°C.  
 
The temperature-dependent permeation rate probably has resulted from the change in 
conformation of the NIPAAM polymer side chains on the surface (including the pore 
surfaces) of the PNIPAAM-g-PVDF MF membrane. At a permeate temperature below 
the LCST of the NIPAAM polymer, the NIPAAM polymer side chains are solvated. 
However, they cannot be dissolved into the solution phase, since the NIPAAM chain-
ends are covalently tethered to the PVDF backbone. The grafted NIPAAM chains are 
also enriched on the surface of the membrane during the phase inversion process. Thus, 
the grafted NIPAAM chains extend into the pores and reduce the permeation rate of 
the aqueous solution. On the other hand, at permeate temperatures above the LCST, 
the grafted NIPAAM polymer chains shrink and associate hydrophobically on the 
membrane and pore surfaces, resulting in the opening of the pores of the membrane, 
and hence the observed increase in the filtration rate.  
 
The temperature-dependent changes in permeation rate for the aqueous solutions at 





reversible decrease in the permeation rate when the permeate temperature is decreased 
(Figure 5.10, Curve 2 and Curve 4). This result suggests that both the extent of 
interaction with the aqueous environment and the conformation of the graft chains vary, 
reversibly, with the permeate temperature to control the effective pore size of the 
membrane. The data in Figure 4.9 also show that the magnitude of water flux through 
the membrane increases with the decrease in the casting temperature of the 
PNIPAAM-g-PVDF membrane for membranes cast at temperatures below the LCST. 
(Compare Curve 1 to Curve 3, or Curve 2 to Curve 4) This phenomenon is consistent 
with the hydrophilic nature of the graft chains. For the copolymer membranes cast at 
temperatures below the LCST, the lower the temperature, the higher the concentration 
of the hydrophilic groups of the polymer side chains on the surface of membrane. Thus, 
the membrane cast at 4°C has a more uniform pore size distribution and higher 
porosity than that cast at 27°C.  
 
On the other hand, the NIPAAM polymer is also soluble in certain organic solvents, 
especially at temperatures above the LCST. Thus, the temperature-dependent 
permeability of the organic solvents through the PNIPAAM-g-PVDF membranes was 
also investigated. The permeability of the PNIPAAM-g-PVDF MF membranes, cast 
from a 12 wt% NMP solution of the PNIPAAM-g-PVDF copolymer ([NIPAAM]/[-
CH2CF2-] molar feed ratio=2.75) at 55°C, to several organic solvents, such as ethanol, 
methanol and n-hexane, is temperature independent in the temperature range of 4°C to 
55°C. However, the flux of isopropanol through the same membrane exhibits a 
temperature-dependent behavior. The results are shown in Figure 4.11. This flux 
behavior is probably associated with the enhanced interactions of isopropanol with the 

























Figure 4.11 Reversible temperature-dependent flux of isopropanol through the 
PNIPAAM-g-PVDF membrane ([NIPAAM]/[-CH2CF2-] molar feed ratio=2.75) 





substrate. Thus, in contrast to the temperature-independent permeation behavior of 
water through the membranes cast at temperatures above the LCST, and differing from 
the temperature-dependent behavior of water through the membranes cast at 
temperatures below the LCST, the rate of permeation of isopropanol through the 
PNIPAAM-g-PVDF membrane, cast at a temperature above the LCST, decreases with 
the increase in permeate temperature. The most drastic decrease in permeation rate is 
observed at temperatures between 20-30°C. The temperature-dependent permeability 
of isopropanol is also reversible. The phenomena can be explained by the interaction 
between the polymer side chains and the organic solvent as a function of temperature. 
For the membrane cast at a temperature above LCST, the membrane and pore surfaces 
are enriched by the hydrophobic conformation of the NIPAAM polymer side chain. 
During the flux of isopropanol at temperatures above 30°C, the enriched hydrophobic 
microstructure of the pore surfaces interacts favourably with the organic solvent. The 
graft chains are solvated and the flux through the pores is hindered. At permeate 
temperatures below 30°C, the change in conformation of the grafted NIPAAM chains 
and the reduced interaction of isopropanol with the grafted NIPAAM chains on the 
pore surfaces result in the opening of the pores of the membrane, and hence the 
increase in permeation rate of the organic solvent. The above results also suggest that 
the grafted NIPAAM polymer side chains exist as ‘polymer brushes’ on the membrane 
pore surfaces. The ‘polymer brushes’ can act as temperature sensors and as valves to 
regulate the filtration rate of the membrane not only for the aqueous solutions, but also 
for certain organic solutions.  
 
Although the temperature-sensitive flux properties of the present PNIPAAM-g-PVDF 





involving modified PVDF membranes from surface grafting (Iwata et al., 1991), the 
membrane obtained in the present work can also be applied for regulating the 
permeability of certain organic solutions. The present work offers a salient approach to 
membrane surface modification and functionalization. Molecular modification of 
PVDF prior to membrane casting allows a better control of the final pore size, the pore 
size distribution and the uniformity in pore surface composition. These pore 
characteristics, as well as the chemical composition and structure of the pore surfaces, 
can be further modified through a simple change in the temperature of the non-solvent 







A new graft copolymer, PNIPAAM-g-PVDF, was successfully synthesized through the 
molecular graft copolymerization of NIPAAM with the ozone-preactivated PVDF 
backbone. The MF membranes prepared from the PNIPAAM-g-PVDF copolymers of 
different graft concentrations by the phase inversion technique in water showed 
enrichment of the NIPAAM polymer in the surface region. The flux of water through 
the PNIPAAM-g-PVDF MF membranes, cast at temperatures below the LCST (32°C) 
of the NIPAAM polymer, exhibited a strong and reversible dependence on permeate 
temperature in the range of 4 to 55°C. On the other hand, although the flux of water 
through the PNIPAAM-g-PVDF MF membranes cast at temperatures above the LCST 
was temperature independent, the permeation of isopropanol through the PNIPAAM-
g-PVDF MF membranes exhibited a reversible temperature-dependent behavior. The 
new copolymer is a promising material for fabricating MF membranes with well-
controlled pore size, uniform surface composition (including the composition of the 
pore surfaces), and temperature-sensitive properties. In addition, the physical 
characteristics of the pores, as well as the surface composition and microstructure of 

















PREPARATION OF TEMPERATURE- AND pH-
SENSITIVE MICROFILTRATION MEMBRANES FROM 
BLENDS OF POLY(ACRYLIC ACID)-GRAFTED-







5.1 Experimental Section 
5.1.1 Materials 
Poly(vinylidene fluoride) (PVDF, Kynar® K-761) powders and N-methyl-2-
pyrrolidone (NMP, reagent grade) were the same as described in 3.1.1.1. Poly(N-
isopropylacrylamide) (PNIPAAM) powders having a molecular weight of 20,000-
25,000 and acrylic acid (AAc) monomer of purity ~ 99.9%, on the other hand, were 
obtained from Aldrich Chem. Co.   
 
5.1.2 Graft Copolymerization of Acrylic Acid (AAc) with Poly(vinylidene fluoride) 
(PVDF): The PAAc-g-PVDF Copolymer 
The preparation of the PAAc-g-PVDF copolymer was the same as described in Section 
3.1.1.3.  
 
5.1.3 Preparation of the Microfiltration (MF) Membranes: the PAAc-g-
PVDF/PNIPAAM Blend Membranes  
MF membranes were prepared by phase inversion from NMP solutions containing 10 
wt% polymer blend, with different blend ratios of the PAAc-g-PVDF copolymer and 
PNIPAAM homopolymer. The polymer blend solution was cast onto a glass plate, 
which was subsequently immersed in a bath of doubly distilled water (non-solvent). 
The temperature of the water in the casting bath was 25°C. Each membrane was left in 
water for about 20 min after separation from the glass plate. The membrane was 
washed thoroughly with copious amounts of doubly distilled water for 2 h under 
vigorous stirring. The purified membranes were dried under reduced pressure for 





5.1.4 Thermal Analyses 
The thermal properties of the copolymer samples were measured by thermogravimetric 
(TG) analyses and differential scanning calorimetry (DSC). For TG analyses, the 
polymer samples were heated up to 700°C at a rate of 10°C/min under a dry nitrogen 
atmosphere in a Du Pont Thermal Analyst 2100 system, equipped with a TGA 2050 
thermogravimetric thermal analyzer. For DSC analyses, the melting point (Tm) of the 
polymer samples were measured on a Mettler-Toledo 822e differential scanning 
calorimeter. The temperature range scanned was from 25°C to 220°C at a heating rate 
of 10°C/min.  
 
5.1.5 Elemental Analyses 
The process of elemental analyses was the same as descirbed in Section 3.1.1.8. 
 
5.1.6 XPS Measurements 
X-ray photoelectron spectroscopy (XPS) measurements were the same as described in 
Section 3.1.1.6. 
 
5.1.7 X-ray diffraction (XRD) measurements 
XRD measurements of the blend membranes were recorded on a Shimadzu XRD-6000 
X-ray diffractometer using the Cu Kα radiation (λ=0.15406 nm) at 40 kV and 40 mA. 
The XRD measurements were carried out at an incident angle of 6° over a test area of 
0.5 mm in diameter. The profiles were collected at a counting time of 10 min. The 







5.1.8 Morphologies and Pore Sizes of the MF Membranes 
The measurements of morphologies and pore sizes of the MF membranes were the 
same as described in Section 3.1.1.10. 
 
5.1.9 Measurements of the Temperature- and pH-Dependent Flux Through the 
MF Membranes 
The flux of aqueous solutions through the membranes was carried out under a nitrogen 
pressure of 0.03 kg/cm2. The PAAc-g-PVDF/PNIPAAM blend membrane was 
immersed in an aqueous solution of prescribed pH and temperature, before being 
mounted on the micro-filtration cell (Toyo Roshi UHP-25, Tokyo, Japan). An aqueous 
solution of the same prescribed pH and temperature, and a fixed ionic strength of 0.1 
mol/L, was added to the cell. The flux was calculated from the weight of permeate as a 
function of time. The micro-filtration cell containing the permeate was kept in a 
thermostated water bath for at least 20 min before the flow was initiated (Iwata et al., 
1991). The permeate temperature was checked by a thermometer installed at the outlet 
of the filtration cell. The permeate pH was determine by a Mettler Toledo Delta 320 
pH meter. 
 
5.2 Results And Discussion 
5.2.1 Preparation of the PAAc-g-PVDF/PNIPAAM Blend Membranes 
The PAAc-g-PVDF copolymer was prepared by thermally-induced molecular graft 
copolymerization of acrylic acid (AAc) with the ozone pre-activated poly(vinylidene 
fluoride) (PVDF) at 60°C for 3 h in NMP solution and under a nitrogen atmosphere. 
The molar feed ratio of [AAc] to [-CH2CF2-] was fixed at 5.34, in the present work. 





the present experimental conditions and the [AAc] to [-CH2CF2-] molar feed ratio 
employed, the bulk composition of the resulting PAAc-g-PVDF copolymer 
(([C]/[F])bulk ratio) is 1.3, which corresponds to a graft concentration (number of AAc 
repeat units per repeat unit of PVDF, or ([-AAc-]/[-CH2CF2-])bulk ratio) of 0.2. Stock 
solutions of the PAAc-g-PVDF (15 wt%) and PNIPAAM (10 wt%) in NMP were 
prepared separately. The casting solution was prepared by mixing an appropriate 
amount of each stock solution to achieve the desired blend composition. The final 
concentration of each casting solution was adjusted to 10 wt% by adding NMP. The 
initial blend (mole) ratio of PNIPAAM to PAAc-g-PVDF in the casting solution (([-
NIPAAM-]/[-CH2CF2-])solution) was varied from 0.11 to 0.66. The resulting blend (mole) 
ratio in the membrane, expressed as ([-NIPAAM-]/[-CH2CF2-])bulk, on the other hand, 
can be calculated from the elemental analysis results, in particular the [N]/[F] molar 
ratio (see below). The graft concentration of the AAc polymer in the PAAc-g-PVDF 
copolymer (([-AAc-]/[-CH2CF2-])bulk) in the membrane is fixed at 0.2. 
 
5.2.2 Characterization of the MF Membranes from PAAc-g-PVDF/PNIPAAM 
Blends  
5.2.2.1 XPS Analysis of the PAAc-g-PVDF/PNIPAAM Blend Membranes 
The surface compositions of the PAAc-g-PVDF/PNIPAAM blend membranes were 
studied by XPS. Figures 5.1 shows the respective C1s core-level spectra of the 
membranes prepared from the pristine PVDF (part (a)), the PAAc-g-PVDF copolymer 
(part (b)) and the PAAc-g-PVDF/PNIPAAM blends of different solution blend 
compositions (part (d) to part (f)). In addition, the C1s core-level spectrum of the 
PNIPAAM homopolymer is shown in part (c). All the membranes were cast at a 
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Figure 5.1 XPS C1s core-level spectra of (a) the PVDF membrane, (b) the PAAc-g-
PVDF MF membrane (([-AAc-]/[-CH2CF2-])bulk=0.2), (c) the PNIPAAM 
homopolymer, and the PAAc-g-PVDF/PNIPAAM blend membranes with ([-






spectrum can be curve-fitted with two peak components, with binding energies (BE’s) 
at 285.8 eV for the CH2 species and at 290.5 eV for the CF2 species (Beamson and 
Briggs, 1992). The ratio for the two peak components is about 1.04, in good agreement 
with the chemical stoichiometry of PVDF. The C1s core-level spectrum of the PAAc-
g-PVDF membrane is curve-fitted with five chemical species using the following 
approaches. The two peak components of about equal intensities (with BE’s at 285.8 
eV for the CH2 species and at 290.5 eV for the CF2 species) can be assigned to the 
PVDF main chains. The component with the BE at 288.5 eV is assigned to the O-C=O 
species of the grafted AAc polymer chains (Briggs, 1998). The component with the BE 
at 284.6 eV is attributed to the hydrocarbon backbone of the grafted AAc polymer 
chain. Finally, the peak component with the BE at about 286.2 eV is assigned to the 
CO species. The C1s core–level spectrum of the PNIPAAM homopolymer, on the 
other hand, can be curve-fittd with three chemical species. The component with the BE 
at 287.4 eV is assigned to the HN-C=O species of the PNIPAAM polymer chains (Pan 
et al., 2001). The peak component with the BE at about 285.8 eV is assigned to the CN 
species and the component with the BE at 284.6 eV is attributed to the hydrocarbon 
backbone of the PNIPAAM polymer chain (Pan et al., 2001).  
 
For the PAAc-g-PVDF/PNIPAAM blend membranes with different blend (mole) 
ratios, the C1s core-level spectra are also curve-fitted with five peak components. The 
component with the BE at 284.6 eV is attributed not only to the hydrocarbon backbone 
of the PNIPAAM chain, but also to that of the grafted PAAc side chains in the PAAc-
g-PVDF copolymer. As the CN and CH2(PVDF) peak components have similar BE’s, 
they are combined and shown as a single peak component with a BE at 285.8 eV. The 





C=O (PNIPAAM), COOH (PAAc side chains) and CF2(PVDF) species, respectively. 
In comparison with the C1s core–level spectrum of the PAAc-g-PVDF membrane 
(part (b)), it can be seen that blending of the PAAc-g-PVDF copolymer with the 
PNIPAAM homopolymer results in the enhanced CN+CH2(PVDF) peak component 
and the appearance of the HN-C=O component. The increase in concentration of the 
PNIPAAM segments on the membrane surface with the [-NIPAAM-] to [-CH2CF2-] 
blend (mole) ratio of the casting solution (([-NIPAAM-]/[-CH2CF2-])solution) is readily 
indicated by the steady increase in the HN-C=O peak component intensity and the 
steady decrease in the CF2 and COOH peak component intensities in Figure 5.1 (part 
(d) to part (f)).  
 
5.2.2.2 Bulk and Surface Compositions of the PAAc-g-PVDF/PNIPAAM Blend 
Membranes 
The concentration of PNIPAAM polymer in the bulk of the PAAc-g-PVDF/PNIPAAM 
blend membrane can be obtained from the elemental analysis. The concentration of the 
PNIPAAM polymer on the surface of the PAAc-g-PVDF/PNIPAAM blend membrane, 
on the other hand, was determined from the XPS-derived nitrogen to fluorine ratio. 
Thus, the bulk and surface blend concentration, expressed as the molar ratio of 
PNIPAAM to the PVDF backbone of the PAAc-g-PVDF copolymer (([-AAc-]/[-
CH2CF2-])bulk =0.2), can be calculated from the [N]/[F] elemental ratio, based on the 
following relationship: 
([-NIPAAM-]/[-CH2CF2-])surface or bulk = 2 × ([N]/[F])surface or bulk               (5.1) 
where the factor 2 accounts for the fact that there are 1 nitrogen atom per repeat unit of 
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Figure 5.2 Dependence of the surface and bulk [-NIPAAM-]/[-CH2CF2-] molar ratio 
of the PAAc-g-PVDF/PNIPAAM blend membranes on the blend (mole) ratio of the





The dependence of the surface and bulk PNIPAAM concentration of the PAAc-g-
PVDF/PNIPAAM blend membrane ([-NIPAAM-]/[-CH2CF2] molar ratio) on the 
PNIPAAM blend ratio in the casting solution is shown in Figure 5.2. The bulk and 
surface concentration of the NIPAAM segments increase with the increase in the blend 
ratio of PNIPAAM homopolymer to PAAc-g-PVDF copolymer in the casting solution 
(expressed as ([-NIPAAM-]/[-CH2CF2-])solution). The ([-NIPAAM-]/[-CH2CF2-]) molar 
ratio in the bulk of the blend membrane is smaller than the corresponding ([-NIPAAM-
]/[-CH2CF2-])solution molar ratio in the casting solution. This phenomenon is consistent 
with the fact that some of the PNIPAAM homopolymer in the casting solution have 
dissolved into the aqueous medium during membrane fabrication by phase inversion. 
On the other hand, the surface [-NIPAAM-]/[-CH2CF2-] ratio is generally much higher 
than the corresponding bulk [-NIPAAM-]/[-CH2CF2-] ratio in the blend membranes or 
the corresponding [-NIPAAM-]/[-CH2CF2-] ratio in the casting solution. This 
phenomenon is due to the enrichment of the hydrophilic PNIPAAM polymer at the 
outermost surface during the course of membrane formation by the phase-inversion 
technique in an aqueous medium at room temperature (below the LCST of PNIPAAM). 
The distributions of the PNIPAAM, PAAc and PVDF segments on the surface of the 
PAAc-g-PVDF/PNIPAAM blend membranes are shown in Table 5.1.  
 
5.2.3 Thermal Analyses 
5.2.3.1 Thermal Stability of the PAAc-g-PVDF/PNIPAAM Blend Membranes: 
Thermogravimetric (TG) Analysis 
Figure 5.3 shows the respective TG analysis curves of the PAAc homopolymer, the 
PNIPAAM homopolymer, the pristine PVDF membrane and the PAAc-g-










Weight ratio in casting solution 
[-NIPAAM-]/[-AAc-]/[-CH2CF2-]a) 
Molar ratio in casting solution 
Surface compositions of the PAAc-g-PVDF/PNIPAAM 
blend membranes 
([-NIPAAM-]/[-AAc-]/[-CH2CF2-] molar ratio)b) 
6 0.11/0.2/1 2.11/0.92/1 
5 0.13/0.2/1 2.36/0.80/1 
4 0.17/0.2/1 2.47/0.77/1 
3 0.22/0.2/1 2.57/0.65/1 
2 0.33/0.2/1 4.63/0.62/1 
1 0.66/0.2/1 4.88/0.57/1 
 
a) The PAAc-g-PVDF copolymer used for blending has a graft concentration ([-AAc-]/[-CH2CF2-])bulk of 0.2. 





Figure 5.3 TG analysis curves of (1) the pristine PVDF membrane; the PAAc-g-
PVDF/PNIPAAM blend membranes with blend compositions of (2) ([-NIPAAM-]/[-
CH2CF2-])bulk=0.10, (3) ([-NIPAAM-]/[-CH2CF2-])bulk=0.11, (4) ([-NIPAAM-]/[-































CH2CF2-])bulk). For the pristine PVDF membrane (Curve 1), the PVDF homopolymers 
is stable up to about 400°C and suffers a weight loss of less than 5% at 430°C. The 
PAAc homopolymer is thermally stable up to about 280°C (Curve 6). The last weight 
loss step at temperatures above 400°C corresponds to the bulk decomposition of the 
polymer residue (Mcneill and Sadeghi, 1990; Peniche et al., 1999). The TG analysis 
curve of the PNIPAAM homopolymer (Curve 5) suggests that an initial minor weight 
loss at around 135°C (Kim et al., 2000) and the main weight loss commences at about 
350°C. The PAAc-g-PVDF/PNIPAAM blend membranes show intermediate weight 
loss behavior in comparison to that of the pristine PVDF membrane (Curve 1) and that 
of the PNIPAAM (Curve 5) and PAAc (Curve 6) homopolymer. A distinct three-step 
degradation process is observed for the blend membrane samples. The onset of the first 
major weight loss at about 280°C corresponds to the decomposition of the AAc 
polymer component. The second major weight loss occurs at about 350°C, 
corresponding to the decomposition of the PNIPAAM polymer component. The third 
major weight loss commences at about 450°C, corresponding to the decomposition of 
the PVDF main chains.  
 
5.2.3.2 The Miscibility of the PAAc-g-PVDF/PNIPAAM Blend Membranes: 
Differential Scanning Calorimetry (DSC) Analysis  
The miscibility in a polymer blend arises from the interactions among the amorphous 
segments of different components. For those components that are partially crystalline, 
only the amorphous segments contribute to the miscibility of the blend. Figure 5.4 
shows the DSC curves of the pristine PVDF membrane, the PAAc-g-PVDF membrane 
and the PAAc-g-PVDF/PNIPAAM blend membranes of different bulk composition. It 




















Figure 5.4 DSC thermograms of (a) the PVDF membrane; (b) the PAAc-g-PVDF 
MF membrane (([-AAc-]/[-CH2CF2-])bulk molar ratio=0.2), the PAAc-g-
PVDF/PNIPAAM blend membranes with blend compositions of (c) ([-NIPAAM-
]/[-CH2CF2-])bulk=0.10, (d) ([-NIPAAM-]/[-CH2CF2-])bulk=0.11, (e) ([-NIPAAM-





highly symmetrical structure. It has a melting point of about 170°C (Curve (a)). The 
pristine PNIPAAM is also a partially crystalline polymer with a melting point of about 
145°C (Curve (f)). After graft copolymerization with AAc, based on an AAc polymer 
graft concentration of 0.2, the structural symmetry of PVDF is partially destroyed, 
resulting in the lowering of the melting point to 167°C (Curve (b)). When the PAAc-g-
PVDF is blended with PNIPAAM, no obvious changes are observed on the melting 
point of the blend membranes. However, the DSC profiles broaden on the low 
temperature side with the increasing content of PNIPAAM (Curve (c) to Curve (e)). 
This phenomenon is probably associated with the decreasing proportion of the PVDF 
crystalline phase and the increasing proportion of the PNIPAAM crystalline phase in 
the blend membranes. Thus, the DSC results suggest that the PAAc-g-
PVDF/PNIPAAM blend is not a truly miscible blend. Nevertheless, the enrichment 
and entrapment of PNIPAAM chains on the membrane surface, in particular on the 
pore surfaces, should impart the blend membranes with the enhanced and durable 
functionalities. 
 
5.2.4 Crystalline Structure of the PAAc-g-PVDF/PNIPAAM Blend Membranes: 
X-ray Diffraction (XRD) Analysis  
The polycrystallinity of the PAAc-g-PVDF/PNIPAAM blend membranes were 
investigated by X-ray diffraction (XRD) analysis. Figures 5.5(a) to 5.5(d) show the 
XRD patterns of the pristine PVDF membrane, the PAAc-g-PVDF membrane, the 
PNIPAAM homopolymer, and a PAAc-g-PVDF/PNIPAAM blend membrane (([-
NIPAAM-]/[-CH2CF2-])bulk=0.12), respectively. The crystalline structure of pristine 
PVDF membrane is pseudo-orthorhombic (aphase) with three discernible peaks at 
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(a) Pristine PVDF Membrane 
(b) PAAc-g-PVDF Membrane 
([-AAc-]/[-CH2CF2-])bulk=0.2 
(d) PAAc-g-PVDF/PNIPAAM Blend 
Membrane, Bulk Composition:  
(([-NIPAAM-]/[-CH2CF2-])bulk =0.12) 










Figure 5.5 The XRD patterns of (a) the pristine PVDF membrane, (b) the PAAc-g-
PVDF MF membrane (([-AAc-]/[-CH2CF2-])bulk molar ratio=0.2), (c) the 
PNIPAAM homopolymer and (d) the PAAc-g-PVDF/PNIPAAM blend membrane 





agreement with that reported in the literature (Jacob et al., 1997). After graft 
copolymerization with AAc, the membrane prepared from the PAAc-g-PVDF 
copolymer still retains the polycrystalline nature of PVDF (Figure 5.5(b)). The XRD 
result suggests that grafting of AAc side chains to the stated extent has not destroyed 
the crystalline structure of the PVDF backbone. The PNIPAAM homopolymer (Figure 
5.5(c)), on the other hand, shows an obvious diffraction peak at 2θ=13.5°. As shown in 
Figure 5.5(d), the diffraction intensities of the PAAc-g-PVDF/PNIPAAM blend 
membrane were reduced, when compared to those of the PVDF and PAAc-g-PVDF 
membranes, although the diffraction pattern remains similar to that of the PVDF 
membrane. The diffraction intensitiy increases with the decreasing content of 
PNIPAAM in the PAAc-g-PVDF/PNIPAAM blend membrane. Thus, it can be 
concluded that the XRD pattern of the PAAc-g-PVDF/PNIPAAM blend membrane is 
dominated by that of the corresponding PVDF structure, consistent with the low 
concentration of PNIPAAM in the blend membrane. 
 
5.2.5 Surface Morphology and Pore Size Distributions of the PAAc-g-
PVDF/PNIPAAM blend Membranes 
The surface morphologies of the PAAc-g-PVDF/PNIPAAM blend membranes were 
revealed by SEM. The SEM images of the pristine PVDF membrane, the PAAc-g-
PVDF copolymer membrane, and the PAAc-g-PVDF/PNIPAAM blend membranes 
with different surface compositions are shown in Figure 5.6. The PAAc-g-PVDF 
membrane has a much more uniform pore size distribution and higher porosity than 
those of the pristine PVDF and the blend membranes, although the addition of 
PNIPAAM has resulted in an increase in the average pore size of the PAAc-g-PVDF 





(a) Pristine PVDF Membrane 
(c) PAAc-g-PVDF/PNIPAAM Blend 
Membrane, Surface Composition: 
([-NIPAAM-]/[-CH2CF2-])surface=4.88
(e) PAAc-g-PVDF/PNIPAAM Blend 
Membrane, Surface Composition:
([-NIPAAM-]/[-CH2CF2-])surface=2.47 
(b) PAAc-g-PVDF Membrane 
Surface Graft Conc.: 
([-AAc-]/[-CH2CF2-])surface=0.97 
(d) PAAc-g-PVDF/PNIPAAM Blend 
Membrane, Surface Composition:
([-NIPAAM-]/[-CH2CF2-])surface=2.57 
(f) PAAc-g-PVDF/PNIPAAM Blend 
Membrane, Surface Composition: 
([-NIPAAM-]/[-CH2CF2-])surface=2.11 
Figure 5.6 SEM micrographs of (a) the pristine PVDF membrane, (b) the PAAc-g-
PVDF MF membrane with a surface graft concentration (([-AAc-]/[-CH2CF2-
])surface) of 0.97, and the PAAc-g-PVDF/PNIPAAM blend membranes with ([-
NIPAAM-]/[-CH2CF2-])surface blend (mole) ratios of (c) 4.88, (d) 2.57 (e) 2.47, and 






SEM images also reveal that the higher the concentration of PNIPAAM, the larger the 
pore size and the less uniform the pore size distribution in the resulting membrane. The 
pore size distributions of a commercial PVDF membrane and the various PAAc-g-
PVDF/PNIPAAM blend membranes are shown in Table 5.2. In agreement with the 
SEM images, the data also suggest the same dependence of the pore size and pore size 
distribution of the blend membranes on the surface [-NIPAAM-] to [-CH2CF2-] ratio. 
These results indicate that the large pores of the blend membranes are formed by the 
surface migration and the dissolution of the PNIPAAM polymer in the casting solution 
into the aqueous medium during phase inversion. Furthermore, with increasing content 
of the PNIPAAM polymer in the casting solution, it becomes more difficult to form a 
homogenous solution. As a result, the pore size distribution of the blend membranes 
becomes less uniform with increasing concentration of PNIPAAM on the membrane 
surface. 
 
5.2.6 Temperature- and pH-Dependent Permeability of the PAAc-g-
PVDF/PNIPAAM Blend Membranes 
The flux of aqueous solutions through the PAAc-g-PVDF/PNIPAAM blend 
membranes was investigated as functions of both temperature (in the temperature 
range of 4 to 55°C) and pH (in the pH range of 1 to 6) of the permeate. The results are 
shown in Figure 5.7. In general, the permeability of aqueous solutions through the 
blend membranes is both pH- and temperature-dependent. For the blend membrane 
with a ([-NIPAAM-]/[-CH2CF2-])surface molar ratio of 2.11 (Figure 5.7(a)), the flow rate 
increases with the increase in permeate temperature from 4 to 55°C for aqueous 
solutions with pH in the range of 1 to 6, with the most drastic increase being observed 






















(da)=0.65 µm) 0.00 0.00/0.00/1.00 2.40 1.42 1.96 












0.62 4.63/0.62/1.00 3.03 0.87 2.33 
 
a)d represents the standard pore size of the commercial pristine PVDF membrane.  





probably has resulted from the change in conformation of the PNIPAAM polymer on 
the surface (including the pore surfaces) of the blend membrane. At a permeate 
temperature below the LCST of the PNIPAAM polymer, the PNIPAAM polymer are 
hydrophilic. However, most of them cannot be dissolved into the solution phase, since 
the PNIPAAM polymer chains are entrapped in the blend membrane. Thus, the 
PNIPAAM chains assume an extended conformation on the surface and in the near-
surface regions of the pores, reducing the permeation rate of the aqueous solution. On 
the other hand, at permeate temperatures above the LCST, the PNIPAAM polymer 
chains shrink and associate hydrophobically on the membrane pore surface and near-
surface regions, resulting in the opening of the pores of the membrane, and hence the 
observed increase in flow rate. Furthermore, the data in Figure 5.7(a) suggest that with 
the decrease in pH of the aqueous solution, the temperature-sensitivity increases. In the 
low pH region, the AAc polymer side chains adopt a helical conformation (Shim et al., 
1999). The PNIPAAM chains will play a more dominant role on the membrane surface 
when exposed to an aqueous solution of low pH. Thus, the flux through the blend 
membrane exhibits a higher temperature-sensitivity at a lower pH value of the aqueous 
solution.  
 
On the other hand, the flow rate of aqueous solution through the blend membrane 
increases with the decrease in solution pH from 6 to 1 at a fixed solution temperature 
in the temperature range of 4 to 55°C. The change in permeation rate in response to the 
change in solution pH can be attributed to the change in conformation of the grafted 
AAc polymer side chains on and near the surface (in particular the pore surfaces) of 
the PAAc-g-PVDF/PNIPAAM blend membrane. In addition, the membrane exhibits a 
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Figure 5.7 pH- and temperature-dependent permeability of aqueous solutions of 
pH 1-6 and temperature 4-55°C through the PAAc-g-PVDF/PNIPAAM blend
membranes with ([-NIPAAM-]/[-CH2CF2-])surface blend (mole) ratios of  (a) 2.11, 
(b) 2.57, and (c) 4.63. The PAAc-g-PVDF matrix membrane has a graft 






the flux is almost pH-independent. With the increase in permeate temperature, the pH-
sensitivity also increases. When the permeate temperature is higher than 32°C (above 
the LCST of PNIPAAM polymer), the flow rate exhibits a more marked increase with 
the decrease in solution pH from 6 to 1, with the most drastic increase being observed 
at solution pH between 3 to 4. This phenomenon can be explained from the change in 
conformation of the NIPAAM polymer chains on the surface of the PAAc-g-
PVDF/PNIPAAM blend membrane. At permeate temperatures above the LCST of 
PNIPAAM polymer, the PNIPAAM chains associate hydrophobically on the pore 
surfaces, allowing more AAc chains to interact with the aqueous solution. As a 
consequence, pH-sensitivity of the membrane is enhanced at the higher permeate 
temperatures. 
 
The pH- and temperature-dependent changes in permeation rate through the PAAc-g-
PVDF/PNIPAAM blend membrane for aqueous solutions with pH values between 1 
and 6 and temperatures between 4 and 55°C are completely reversible. This result 
suggests that the conformation of the grafted AAc polymer side chains and the blended 
PNIPAAM chains varies, reversibly, with the pH and temperature of the aqueous 
solution to control the effective pore size of the membrane.  
 
For the PAAc-g-PVDF/PNIPAAM blend membrane with a higher ([-NIPAAM-]/[-
CH2CF2-])surface molar ratio of 2.57 (Figure 5.7(b)), it still exhibits simultaneous pH 
and temperature sensitivity toward the permeation of aqueous solutions. However, for 
the PAAc-g-PVDF/PNIPAAM blend membrane with a ([-NIPAAM-]/[-CH2CF2-
])surface molar ratio of 4.63 and above, only temperature-sensitive permeability is 





pH sensitivity decreases at a fixed temperature and the temperature sensitivity 
increases at a fixed pH value. When the ([-NIPAAM-]/[-CH2CF2-])surface molar ratio is 
increased to a certain level (in the present study, the molar ratio is 4.63, Figure 5.7(c)), 
the pore surface is dominated by the PNIPAAM segments. Under this condition, the 
pH-sensitivity is obscured and the membrane will respond predominantly to 






The PAAc-g-PVDF copolymer was synthesized through molecular graft 
copolymerization of AAc with the ozone-preactivated PVDF backbone. The PAAc-g-
PVDF/PNIPAAM MF membranes were prepared from NMP solutions containing 
different blend ratios of PAAc-g-PVDF and PNIPAAM by phase inversion in water at 
25°C. The blend membranes showed enrichment of the grafted AAc polymer and 
blended PNIPAAM segments in the surface region. The blend membranes exhibited a 
strong and reversible pH- and temperature-dependent permeability to aqueous 
solutions. The present study has shown that molecular functionalization by graft 
copolymerization is an excellent approach toward the preparation of a stimulus-
responsive copolymer. Solution blending of the copolymer with another stimulus-
responsive polymer, followed by phase inversion, is a relatively simple method to 
preparing multi-stimuli-responsive MF membranes. The present multi-stimuli-
responsive membranes may find applications in areas such as drug delivery system 

















PREPARATION OF POLYMERIC ‘SMART SURFACE’ 
FOR ENZYME IMMOBILIZATION  
















6.1 Covalent Immobilization of Glucose Oxidase on Microporous 
Membranes Prepared From Poly(vinylidene fluoride) with Grafted 
Poly(acrylic acid) Side Chains 
6.1.1 Experimental Section 
6.1.1.1 Materials 
Poly(vinylidene fluoride) (PVDF, Kynar® K-761) powders, N-methyl-2-pyrrolidone 
(NMP, reagent grade) and acrylic acid (AAc) were the same as described in 3.1.1.1. 
Water-soluble 1-ethyl-3(3-dimethylaminopropyl)-carbodiimide hydrochloride (WSC), 
glucose oxidase (GOD), peroxidase and 3,3’-dimethoxybenzidine dihydrochloride (o-
dianisidine) were purchased from Sigma Chemical Co. of St. Louis, MO, USA. 
BioRad dye reagent for protein assay (Catalog No. 500-0006) was obtained from 
BioRad Chemical Co. of Hercules, CA, USA.  
 
6.1.1.2 Pre-activation of PVDF in Solution 
The process of ozone pretreatment of PVDF was the same as described in Section 
3.1.1.2.  
 
6.1.1.3 Graft Copolymerization of Acrylic Acid (AAc) with Poly(vinylidene 
fluoride) (PVDF): The PAAc-g-PVDF Copolymer 









6.1.1.4 Preparation of Microfiltration (MF) Membranes  
The preparation of micro-filtration membranes was the same as described in Section 
3.1.1.4. 
 
6.1.1.5 Characterization of the PAAc-g-PVDF Copolymers and MF Membranes 
The characterization of the PAAc-g-PVDF copolymers and MF membranes was the 
same as described in Section 3.1.1. 
 
6.1.1.6 Covalent Immobilization of Glucose Oxidase on the PAAc-g-PVDF MF 
Membranes 
The method of GOD immobilization used in the present work is similar to that 
reported for the covalent immobilization of other enzymes, such as trypsin, on 
conventional polymer substrates (Kulik et al., 1993). For the covalent immobilization 
of GOD onto the PAAc-g-PVDF membranes, the COOH groups of the grafted AAc 
copolymer were preactivated for 1 h at 4°C in 0.1 M PBS, containing 5 mg/ml of WSC. 
The polymer membranes were then transferred to the 0.1 M PBS (+) (pH 7.4, with 
0.02 M CaCl2 added) containing 4 mg/ml of GOD. The immobilization was allowed to 
proceed at 4°C for 24 h. After that, the reversibly bound GOD was desorbed in copious 
amounts of PBS (+) for 1 h at 25°C. The enzyme immobilization process is also shown 
schematically in Figure 6.1. 
 
6.1.1.7 Quantitative Determination of the Immobilized GOD on the PAAc-g-
PVDF Membranes 
 The amount of glucose oxidase immobilized on the PAAc-g-PVDF MF membrane 



























































































































































































Figure 6.1 Schematic diagram illustrating the process of molecular graft copolymerization of AAc with PVDF and the immobilization of 





and was determined by the modified dye-interaction methods (Bonde et al., 1992; 
Kang et al., 1993), using the Bio-Rad protein dye reagent (Cat. No.500-0006). As for 
the preparation of the dye solution, the Bio-Rad stock dye solution was diluted 5 times 
with doubly distilled water. A GOD solution (100 µl) of known concentration was 
added to 5 ml of the dye solution. The GOD-dye mixture was kept for 10 min and then 
centrifuged at 4000 rev/min for 30 min. In the latter process, the GOD-dye complexes 
were precipitated and the free dye remained in the upper layer. The absorbance of 
supernatant at 465 nm was used for the standard calibration. For the quantitative 
determination of immobilized GOD, the dye solution (5 ml) was added to a test tube 
and the GOD-immobilized PAAc-g-PVDF membrane (2×4 cm2) was immersed in the 
dye solution. After 3 h, the membrane was removed and the absorbance of the dye 
solution at 465 nm was measured. The amount of GOD immobilized on the surface of 
PAAc-g-PVDF membrane was calculated based on the standard calibration curve. 
 
6.1.1.8 Assay of GOD Activity 
The enzyme activity of the free and immobilized GOD was measured using the 
method stated in the Sigma Technical Bulletin. The method involved 
spectrophotometric determination of the amount of the hydrogen peroxide formed 
from glucose oxidation (Sigma Technical Bulletin No. 510). The assay mixture (3 ml) 
contained 0.1 ml of peroxidase solution (60 units/ml), 2.4 ml of dye buffer solution 
(0.21 mM of o-dianisidine solution in 0.05 M acetate buffer of pH=6), and 0.5 ml of β-
D(+)-glucose solution (18 wt%). The reaction was initiated by adding 0.1 ml of free 
GOD solution to the assay mixture, or by dipping a GOD immobilized PAAc-g-PVDF 





was used to assay the activities of the free and immobilized enzyme. All the activities 
of the enzyme were assayed after 10 min of incubation time. 
 
6.1.2 Results And Discussion 
6.1.2.1 Characterization of the PAAc-g-PVDF MF Membranes 
The results on the characterization of the PAAc-g-PVDF MF membranes were shown 
and discussed in Section 3.1.2. 
 
6.1.2.2 Qualitative Analysis of the Immobilized GOD 
After activation of the carboxyl groups of the grafted AAc polymer side chains on the 
surface of PAAc-g-PVDF MF membrane by the water-soluble carbodiimide (WSC), 
GOD was covalently immobilized. Figures 6.2(a) and 6.2(c) show, respectively, the 
XPS wide scan and N 1s core-level spectra of the pristine PAAc-g-PVDF membrane 
surface [([-AAc-]/[-CH2CF2-])surface=0.13] prior to GOD immobilization. Figures 6.2(b) 
and 6.2(d) show the corresponding XPS wide scan and N 1s core-level spectra of the 
PAAc-g-PVDF membrane surface after covalent immobilization of GOD. The 
appearance of a strong N1s signal in Figure 6.2(d) suggests that GOD has been 
successfully coupled on the surface of the PAAc-g-PVDF membrane. 
 
6.1.2.3 Quantitative Analysis of the Immobilized GOD on the Surface of PAAc-g-
PVDF Membrane 
The surface concentration of immobilized GOD on the PAAc-g-PVDF membrane is 
expressed as the weight of immobilized GOD per surface area (ignoring the area of the 
pore surfaces) of the membrane, as determined using the protein-dye interaction 
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Figure 6.2 XPS wide scan and N 1s core-level spectra of the PAAc-g-
PVDF membrane (([-AAc-]/[-CH2CF2-])surface=0.13) before (a, b) and 






























Surface Graft Conc., ([-AAc-]/[-CH2CF2-])surface 
Figure 6.3 The amount of covalently immobilized GOD on the PAAc-g-
PVDF membranes at different surface graft concentrations of the AAc 





covalently immobilized GOD as a function of the AAc polymer graft concentration on 
the membrane surface. The covalent coupling of the GOD molecules to the grafted 
AAc chains through the WSC intermediate results in an approximately linear increase 
in the amount of immobilized GOD with the surface graft concentration of the PAAc-
g-PVDF membranes. For membranes cast from the 12 wt% NMP solutions of the 
PAAc-g-PVDF copolymers, the amount of immobilized GOD is about 0.27 mg/cm2 for 
PAAc-g-PVDF membrane with a graft concentration (([-AAc-]/[-CH2CF2-])surface ratio) 
of about 0.97. The amount of GOD immobilized on the present PAAc-g-PVDF MF 
membrane is about three orders of magnitude larger than that immobilized on an AAc 
graft copolymerized solid film surface (Li et al., 1998), or about one order of 
magnitude larger than that immobilized on other copolymer membranes 
(Godjevargova et al., 2000). For membranes cast from different solution 
concentrations, the pore size distribution and pore surface area are expected to differ 
substantially. Thus, in the subsequent enzyme activity assay experiments, the 
membranes used for immobilization are always cast from the 12 wt% PAAc-g-PVDF 
solution. 
  
6.1.2.4 Activity Assay of the Immobilized GOD 
The activity of the immobilized GOD is expressed as the µmols of β-D-glucose 
oxidized to D-gluconic acid and hydrogen peroxide per minute. The relative activity 
(RA) is defined as the ratio of the observed surface enzyme activity over the activity 
obtained from an equivalent amount of the free enzyme. The surface enzyme activity 
as a function of the surface graft concentration of the PAAc-g-PVDF membranes is 
shown in Figure 6.4. At low surface graft concentration, the observed enzyme 
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Figure 6.4 Equivalent and relative activities of the covalently 
immobilized GOD on the PAAc-g-PVDF membranes as a function of 





observed activity must be associated with the increase in the amount of surface 
immobilized enzyme. The increase in enzyme activity gradually levels off upon further 
increase in the surface graft concentration of the PAAc-g-PVDF membrane, although 
the actual amount of the immobilized enzyme continues to increase, as shown in 
Figure 6.3. This phenomenon is also reflected in the decrease in relative activity (RA) 
of the immobilized enzyme at moderate to high surface graft concentration of the 
PAAc-g-PVDF membranes.  
 
The decrease in the relative enzyme activity at high AAc polymer concentration 
suggests that in the presence of diffusion limitation, a considerable fraction of the 
enzyme molecules is probably embedded in the grafted AAc polymer layer and 
becomes less accessible. Thus, the enzyme at the top surface must have completely 
digested all the glucose molecules before the latter can reach the GOD immobilized in 
the sub-surface layer. Further inhibition of enzyme activity at the high surface 
concentration of the AAc polymer can arise from the increase in steric hindrance and 
the increase in interaction of the active sites of the enzyme with the AAc polymer side 
chains. Finally, the enzyme activity must have also been affected by the low pH values 
of the surface at the high concentration of the grafted AAc polymer side chains. 
 
6.1.2.5 Effect of pH and Temperature on the Activity of the Immobilized GOD 
Enzymes are fragile molecules. The optimum condition for enzyme immobilization 
depends on the pH of the medium, type of the carrier, method of activation, method of 
immobilization, etc. (Godjevargova et al., 2000). A change in pH, ionic content or 
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Figure 6.5 Effect of solution pH on the activity of the free GOD 






the immobilized GOD, such as optimum pH and optimum temperature for enzyme 
activities, are studied in the present work.  
 
In this work, the effect of solution pH on the activity of the free and immobilized GOD 
is studied in buffer solutions of different pH values (pH 3 to pH 8). The results are 
shown in Figure 6.5. The pH value for optimum activity, pHopt, for the free GOD was 
found to be at 5.8, which is similar to that reported previously (Liu et al., 1996; 
Godjevargova et al., 2000). On the other hand, the pHopt for the immobilized GOD on 
the PAAc-g-PVDF MF membranes is found to have shifted to pH 4.8. The shift in the 
value of pHopt is probably attributed to the fact that at pH 4.8 (similar to the pKa value 
of the grafted AAc polymer chains (Ito et al., 1992)), the COOH groups of AAc 
polymer side chains have no net charge. As a result, the electrostatic repulsion between 
the support and the GOD molecules is minimized. Furthermore, the pH-dependent 
activity profile of the immobilized GOD is considerably expanded. Immobilized GOD 
displays significantly improved stability on both sides of the optimum pH value, in 
comparison to that of the free GOD. Thus, the activity of the enzyme becomes less 
sensitive to pH changes when it is immobilized. This result can probably be attributed 
to the stabilization of GOD molecules resulting from multipoint attachment of the 
enzyme molecules on the surface of the PAAc-g-PVDF membrane, as well as the 
diffusional limitations of the immobilized enzyme molecules (Greenfield and Laurence, 
1975). 
 
The effect of temperature on the activity of the free and immobilized GOD was studied 
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Figure 6.6 Effect of temperature on the activity of the free GOD 






activity of the free GOD is strongly dependent on temperature, with the optimum 
temperature being observed at about 30°C. On the other hand, however, the activity of 
the immobilized GOD does not appear to show such a critical dependence on 
temperature. A plausible explanation for the difference in temperature activity profiles 
between the free and the immobilized GOD is that the latter is less susceptible to the 
temperature-induced conformational changes after covalent immobilization on the 
PAAc-g-PVDF MF membrane (Greenfield and Laurence, 1975). 
 
6.1.2.6 Kinetic Effect of Immobilization 
In order to study the influence of the substrate on the catalytic activity of the 
immobilized enzymes on the PAAc-g-PVDF MF membranes, as well as to elucidate 
the kinetic effect of immobilization, the rates of the glucose oxidation by the free and 
the immobilized GOD were determined in the glucose concentration range of 5 to 30 
mM at pH 4.8 and at 35°C. In this experiment, 0.40 mg of free enzyme or 1.5 cm2 of 
PAAc-g-PVDF MF membrane (([-AAc-]/[-CH2CF2-])surface ratio=0.97), containing 
0.27 mg/cm2 of immobilized GOD, was used. The changes in reaction rates for the free 
and the immobilized GOD with glucose concentration are then compared. Figure 6.7 
shows the Lineweaver-Burk plots for the rates of glucose oxidization by the free GOD 
and the immobilized GOD on the surface of the PAAc-g-PVDF membranes. Both 
plots give rise to a linear relation that conforms to the Michaelis-Menten equation for 
the enzyme-catalyzed reaction. 
 
The maximum reaction rate, Vmax, and the apparent Michaelis constant, Km, 
determined from the linear regression of each plot in Figure 6.7, are presented in Table 
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Figure 6.7 Lineweaver-Burk plots for the free GOD and the immobilized GOD 
on the PAAc-g-PVDF membrane (([-AAc-]/[-CH2CF2-])surface ratio=0.97) at pH 






 is higher than that for the free GOD. The difference in Km values between the free and 
the immobilized GOD can be attributed to the limited accessibility of the active sites of 
the immobilized GOD to the glucose molecules. The limited accessibility, in turn, 
arises from a high concentration of the AAc polymer side chains, the spatial 
distribution of the GOD molecules on the membrane surface, and the conformational 
changes of GOD molecules caused by the covalent immobilization. The decrease in 
Vmax value as a result of immobilization is considered to be associated with the 
increase in Km value, since the lower the Km value, the greater the affinity of the 
enzyme for the substrate.  























6.1.2.7 Storage Stability of the Immobilized GOD 
One of the most important aspects to be considered in enzyme immobilization is the 
storage stability. The stability of the immobilized GOD on the surface of PAAc-g-
PVDF membranes was studied by immersing the GOD immobilized membrane in a 
phosphate buffer solution (pH 7.4) at 4°C in the dark for a predetermined period of 





Under the same storage conditions, the activity of the immobilized GOD decreases 
slower than that of the free GOD. Figure 6.8 shows that the immobilized GOD 
molecules still retain about 55% of their original activity in the buffer solution after 60 
days. On the other hand, the free GOD molecules can only maintain less than 35% of 
their original activity over the same period of time. Thus, the immobilized GOD 
exhibits a higher stability than the free GOD. This improved stability of the 
immobilized GOD can be attributed to the improved resistance to thermal denaturation 
and conformational change of the enzyme in the buffer solution, as a result of the 
covalent coupling of the GOD molecules to the grafted AAc polymer side chains on 
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Figure 6.8 Storage stability of the free GOD and the immobilized GOD on the 
PAAc-g-PVDF membrane (([-AAc-]/[-CH2CF2-])surface ratio=0.97) in the 






A new graft copolymer, PAAc-g-PVDF, was successfully synthesized through the 
molecular graft copolymerization of AAc with the ozone-preactivated PVDF backbone. 
MF membranes could be prepared from the PAAc-g-PVDF copolymers of different 
graft concentrations by the phase inversion technique in water. It was also 
demonstrated that the PAAc-g-PVDF MF membrane could be further functionalized 
by covalent immobilization of an enzyme, glucose oxidase (GOD). The covalently 
immobilized enzyme still retained 30-40% of its activity, in comparison to the free 
form. The activity of GOD immobilized on the PAAc-g-PVDF membranes exhibited a 
less critical dependence on solution pH and temperature around the optimum solution 
pH of 4.8 and temperature of 35°C. The storage stability of the immobilized GOD in a 
buffer solution was also enhanced over that of the free enzyme. The Michealis constant 
(Km) of the immobilized GOD was higher than that of the free GOD, while the 
maximum reaction velocity (Vmax) of the immobilized GOD was lower than that of the 





6.2 Immobilization of Galactose Ligands on Acrylic Acid Graft-
Copolymerized Poly(ethylene terephthalate) Film and Its Application 
to Hepatocyte Culture 
6.2.1 Experimental Section 
6.2.1.1 Materials 
Biaxially oriented poly(ethylene terephthalate) (PET) films of about 100 µm in 
thickness were purchased from the Goodfellow Inc. of Cambridge, UK. Acrylic acid 
(AAc) and galactose were obtained from Merck Chem. Co. of Darmstadt, Germany. 
Millipore deionized water was used throughout. Acrylic acid was purified by 
distillation under reduced pressure. Toluidine blue O (TBO) was supplied by Aldrich 
Chem. Co. of Milwaukee, WI, USA. N-hydroxysuccinimide (sulfo-NHS) was supplied 
by Pierce Chem. Co. of Rockford, IL, USA. The (2-(N-morpholino)-ethanesulfonic 
acid, 0.1 M) (MES) buffer and the water soluble carbodiimide (WSC), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride, were obtained from Sigma-
Aldrich Chem. Co. of St. Louis, MO, USA. Type I collagen (Vitrogen, 3.0 mg/mL in 
0.012N HCl) was purchased from Cohesion Technologies Inc. of Palo Alto, CA, USA. 
The Dulbecco’s phosphate buffer solutions, 10×PBS (containing 80 g of sodium 
chloride, 2 g of potassium chloride, 11.5 g of anhydrous disodium phosphate and 2 g 
of anhydrous monopotassium phosphate in 1 L of distilled water) and its 10× diluted 
counterpart or 1×PBS, were obtained from Pierce Chem. Co. of Rockford, IL, USA. 
The galactose ligand, 1-O-(6’-aminohexyl)-D-galactopyranoside (AHG) was 







6.2.1.2 Argon plasma pretreatment of the PET surface 
The PET film was cut into strips of 2.5 cm × 5 cm in size. The strips were cleaned with 
absolute ethanol for 5 min in an ultrasonic water bath. They were pretreated with Ar 
plasma prior to the surface graft copolymerization experiment. A quartz cylindrical-
type glow discharge cell, Model SP 100, manufactured by Anatech Ltd. of Springfield, 
VA, USA, was used for the plasma treatment. The plasma power applied was kept at 
30 W at a radio frequency of 40 kHz. The film was placed between the two parallel 
plate electrodes and subjected to the glow discharge for 30 s at an Ar pressure of 0.5 
Torr. The Ar plasma-pretreated PET films were then exposed to the atmosphere for 
about 10 min to promote the formation of surface peroxides and hydroperoxides, 
which were used for the subsequent UV-induced graft polymerization experiment 
(Suzuki et al, 1986).  
 
6.2.1.3 UV-induced graft copolymerization of AAc on the PET surface: the PAAc-
g-PET surface 
For the UV-induced graft copolymerization of AAc with PET, the plasma-pretreated 
PET film was immersed in 30 ml of the aqueous solution of acrylic acid in a Pyrex® 
tube. The AAc solution was purged thoroughly with argon for 30 min and sealed under 
an Ar atmosphere. The concentration of the AAc solutions was varied from 0.2 wt% to 
10 wt%. The reaction mixture was subjected to UV irradiation for 30 min in a rotary 
photochemical reactor (Riko RH400-10W, Riko Denki Kogyo of Chiba, Japan) 
equipped with a 1000 W high-pressure Hg lamp. A constant temperature water bath in 
the reactor maintained the reaction temperature at 28°C. After the graft 
copolymerization, the PET films were removed from the reaction mixture and washed 





homopolymer adsorbed on the surface. For AAc monomer concentrations used in this 
work ( ≤10 wt%), the washing procedure was found to be adequate in removing all the 
adsorbed AAc homopolymer. Washing the grafted surfaces further with 0.1 wt% 
Triton X-100 (a surfactant from Sigma, St. Louis, MO, USA) in an ultrasonic bath did 
not change the surface composition significantly. The PET surfaces with grafted AAc 
polymer (PAAc) are referred to as the PAAc-g-PET surfaces. 
 
6.2.1.4 Preparation of the galactosylated surface: coupling of 1-O-(6’-
aminohexyl)-D-galactopyranoside (AHG) to the PAAc-g-PET surface 
The PAAc-g-PET films were cut into circular discs with a diameter of about 15 mm. 
Each disc was immersed into 1 mL of the MES buffer, containing 2 mg of AHG and 1 
mg of sulfo-NHS, in a well of a 24-well tissue culture plate. About 1 ml of 10 mg/mL 
WSC solution was added to each well each day and the mixture was allowed to react 
for 3 days. After that, the PET sample was washed with copious amounts of PBS(+) 
(pH 7.4, with 0.02 M CaCl2 added) solution to remove the physically adsorbed 
galactose ligand.  
 
6.2.1.5 Characterization of the PAAc-g-PET and the galactosylated PAAc-g-PET 
(GA-PAAc-g-PET) surfaces 
The graft concentration of the AAc polymer on the PET films was determined by 
reaction with TBO. A calibration curve was first generated from the optical density of 
TBO solutions of known concentrations at 633 nm, measured on a Beckman Du 640 B 
Spectrophotometer. One mL of an aqueous solution, containing 0.5 mM TBO and 
adjusted to pH 10 with 0.1 mM NaOH, was added to each PAAc-g-PET sample of 3 





grafted PAAc chains and the cationic dye was allowed to proceed for 5 h under 
constant agitation at room temperature. The PET films were rinsed with excess amount 
of 0.1 mM NaOH solution to remove the non-complexed TBO molecules. The 
complexed TBO on PET films were desorbed from the surfaces by incubating each 
sample in 1 mL of 50% acetic acid solution for 10 min under vortexing. The amount of 
the surface grafted AAc polymer (expressed in terms of the concentration of the 
COOH groups on the PET surface) was calculated from the optical density of the 
desorbed dye at 633 nm. The calculation was based on the assumption that 1 mol of 
TBO had complexed with 1 mol of the carboxyl group of the grafted AAc polymer 
(Uchida et al., 1993). 
  
Static water contact angles of the modified PET films were measured at 25oC and 60% 
relative humidity, using the sessile drop method on a telescopic goniometer (Rame-
Hart Model 100-00(230), Rame-Hart Inc., Mountain Lakes, New Jersey, USA). The 
telescope with a magnification power of 23× was equipped with a protractor of 1o 
graduation. For each angle reported, at least five sample readings from different 
surface locations were averaged. The angles reported were reliable to ±3o. 
 
X-ray photoelectron spectroscopy (XPS) measurements were the same as described in 
Section 3.1.1. 
 
The surface morphologies of the modified PET films were characterized on a 
Nanoscope IIIa atomic force microscope (AFM), manufactured by Digital Instrument 
Inc. of Santa Barbara, CA, USA.  In each case, an area of 5 × 5 µm2 was scanned using 





between 3.0~4.0 V, and the drive amplitude was about 300 mV. The scan rate was 1.0 
Hz. An arithmetic mean of the surface roughness (Ra) was calculated from the 
roughness profile determined by AFM. 
 
6.2.1.6 Hepatocytes culture 
Hepatocytes were isolated from male Wister rats weighing from 250 to 300 g by a 
two-step in situ collagenase perfusion as described previously (Chia et al., 2000) and 
in accordance with the NIH guidelines for the care and use of rats.  Hepatocyte 
viability was determined to be 90-95%, using the Trypan Blue exclusion method. 
GA-PAAc-g-PET substrates with different galactose ligand concentrations were cut 
into circular discs of 15 mm in diameter. Each discs was fixed in the well of a 24-well 
tissue culture plate with 5-10 µL of chloroform. The plate was sterilized by incubating 
in 70% ethanol solution for 3 h and then washed 3 times with PBS. Collagen-coated 
PET surfaces were prepared by introducing 0.5 mL of the collagen solution 
(containing 0.5 mg of collagen in 1 mL of PBS) into each well with a fixed PET disc. 
The coating process was allowed to proceed overnight at 4°C.  The solution in each 
well was aspirated and the well was washed 3 times with PBS. 
 
Freshly isolated hepatocytes were suspended at a density of 1.2 × 106 cells/mL in the 
William’s Medium E (Sigma-Aldrich, Singapore) supplemented with 1 mg/mL bovine 
serum albumin (BSA), 100 units/mL penicillin and 100 µg/mL streptomycin. A fixed 
volume (300 µL) of hepatocyte suspension was dispensed on each sample surface.  
This yielded a surface seeding density of 2 × 105 cells/cm2.  Cells were cultured in a 
humidified incubator under 5 vol% CO2.  After 1 h, the medium containing unattached 





hemocytometer.  Cell attachment rate was calculated from the number of attached 
hepatocytes on the surfaces and the seeding density. 
 
6.2.1.7 Morphology of the GA-PAAc-g-PET surfaces with hepatocyte cultures 
The attached hepatocytes on the GA-PAAc-g-PET surfaces were cultured for 6 days in 
the William’s Medium E supplemented with 1 mg/mL BSA, 10 ng/mL of epidermal 
growth factor (EGF), 0.5 µg/mL of insulin, 5 nM dexamethasone, 50 ng/mL linoleic 
acid, 100 units/mL penicillin and 100 µg/mL streptomycin.  The medium was 
replenished daily.  The collected medium was centrifuged at 14,000 rpm for 10 min 
and the supernatant was stored at -20°C for the subsequent albumin assay.  At various 
stages of culture, the morphology of hepatocytes on these substrates was viewed under 
an inverted microscope (Carl Zeiss) with phase contrast optics and recorded on a 
digital camera.   
 
6.2.1.8 Determination of the physiological functions of hepatocytes cultured on 
different GA-PAAc-g-PET surfaces 
 
Albumin secretion: rat albumin determination by ELISA 
The albumin concentrations in the culture medium collected at various time intervals 
were determined by a competitive enzyme linked immunosorbent assay (ELISA) 
according to the protocol reported by Friend et al (Friend et al., 1999).  Briefly, a 96-
well Maxisorp plate (Nalge Nunc International, Rochester, NY, USA) was precoated 
with 100 µL/well of rat albumin at 0.2 µg/mL in PBS at 4°C. On the next day, the 
plate was washed three times with PBS-Tween20 (containing 0.05 vol% Tween20 in 
PBS) before use. On the other hand, samples collected from the culture media at 





peroxidase conjugated rabbit antibody against rat albumin (ICN Biomedicals Inc., 
Costa Mesa, CA, USA) was added into each well, giving a final antibody 
concentration of 0.6 µg/mL. After incubation at 37°C for 2 h, a 100 µL aliquot of each 
diluted sample was transferred to a well within the precoated 96-well Maxisorp plate. 
The samples were then incubated in the wells at room temperature for 2 h in a 
humidified chamber. After three more washes with PBS-Tween20, 100 µL of 1-Step 
Turbo 3, 3, 5, 5-tetramethylbenzidine (TMB) substrate (Pierce Chem. Co. of Rockford, 
IL, USA) was added to each well. The reaction medium was incubated at room 
temperature in the humidified chamber for 30–45 min to develop the color. The 
reaction was stopped by adding 100 µL of 2N H2SO4. The optical density (OD) of the 
solution at 450 nm in each well was determined on a microplate reader (Model 550, 
Bio-Rad Laboratories). The albumin concentrations of the samples were calculated 
from the ODs, using rat albumin solutions of known concentrations as standards. 
 
Urea synthesis assay 
To test for the urea synthesis function, the culture medium was replaced with a fresh 
medium containing 1 mM NH4Cl. The hepatocytes were incubated in this medium for 
90 min, before the medium was again replaced with the normal medium. The collected 
medium was tested for urea production using a colorimetric kit from Sigma 





6.2.2 Results and Discussion 
6.2.2.1 Surface graft copolymerization of the argon plasma-pretreated PET films 
with acrylic acid (AAc) and immobilization of the galactose ligand 
The aim of surface graft copolymerization is to develop a hydrophilic surface 
containing carboxyl groups, which are used for the subsequent immobilization of the 
galactose ligand. PET is chosen as the matrix because of its excellent physicochemical 
properties. The process is shown schematically in Figure 6.9. In all experiments, the 
plasma pretreatment time of the PET substrates was fixed at 30 s, and the UV-induced 
graft copolymerization time at 30 min. This set of conditions has been found to give 
rise to an optimum graft concentration at a fixed concentration of the AAc monomer. 
The concentration of AAc used in the reaction was varied from 0.2 wt% to 10 wt%. 
The AAc graft-copolymerized PET surfaces are referred to as the PAAc-g-PET 
surfaces. 
  
6.2.2.2 Determination of the carboxyl group concentration on the PAAc-g-PET 
surface by reaction with TBO 
Figure 6.10 shows the effect of monomer concentration used for graft 
copolymerization on the surface composition, in particular, the concentration of the 
COOH groups from the grafted AAc polymer on the modified PET surface.  The 
surface concentration of the carboxyl groups in µmol/cm2 was determined from the 
uptake of toluidine blue O (TBO), a basic dye (Kang et al., 1996). The concentration 
of the surface-grafted carboxyl groups increases with the AAc monomer concentration 
used for graft copolymerization, with the most significant increase being observed at 
monomer concentrations above 2 wt%. However, the upper-limit of the AAc 


























Step 3: Surface Immobilization of Galactose ligands 
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Figure 6.9 Surface modification scheme for the UV-induced graft copolymerization of AAc with the argon plasma-pretreated PET 
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Figure 6.10 Effect of AAc monomer concentration used for graft copolymerization 






monomer concentration exceeded 10 wt% under the present graft copolymerization 
conditions. Thus, a maximum [COOH] graft concentration of about 0.56 µmol/cm2 is 
achieved on the PET surface at 10 wt% AAc monomer concentration under the present 
experimental conditions. 
 
 6.2.2.3 Quantitative determination of the immobilized galactose ligands on the 
GA-PAAc-g-PET surfaces 
The PAAc-g-PET surface with immobilized galactose ligands is referred to as the GA-
PAAc-g-PET surface. The concentration of immobilized galactose ligands on the GA-
PAAc-g-PET film is determined from the difference in surface [COOH] concentrations 
before and after the immobilization of galactose ligands, as determined from reactions 
with TBO. Figure 6.11 shows the amount of covalently immobilized galactose ligands 
as a function of the AAc monomer concentration used for graft copolymerization.  The 
increase in the extent of covalent coupling of the galactose ligands to the PAAc-g-PET 
surface via the WSC intermediates coincides with the increase in graft concentration of 
the AAc polymer. The maximum amount of immobilized galactose ligands is about 
0.51 µmol/cm2. On the other hand, the coupling efficiency of the galactose ligands 
with the grafted AAc polymer chains can be obtained by comparing the surface 
concentration of the immobilized galactose ligands and that of the carboxyl groups 
before the immobilization of the galactose ligands. An overall efficiency above 90% is 
observed. 
 
6.2.2.4 XPS measurements 
The C 1s core-level spectra of the pristine, the plasma-pretreated, the AAc graft-
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Figure 6.11 Effect of AAc monomer concentration used for graft copolymerization 
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Figure 6.12 XPS C 1s core-level spectra of (a) the pristine PET film, (b) the 
plasma-pretreated PET film, the PAAc-g-PET films with surface carboxyl group 
concentration of (c) 0.03 µmol/cm2, (d) 0.13 µmol/cm2 and (e) 0.56 µmol/cm2, and 
the GA-PAAc-g-PET films with surface galactose ligand concentration of (f) 0.02 





6.12. For the pristine PET film (Figure 6.12(a)), the C 1s core-level peak components 
consist of the aromatic carbon at the binding energy (BE) of 284.6 eV, carbon singly 
bonded to oxygen at the BE of 286.2 eV and carboxyl carbon at the BE of 288.6 eV in 
an approximate area ratio of 3:1:1, in good agreement with the chemical structure of 
PET (Loh et al., 1995). For the Ar plasma pretreatment time employed (30 s), the C 1s 
core-level spectrum of the PET film after air exposure (Figure 6.12(b)) shows only 
minor changes in lineshape, although an increase in the O/C ratio, as determined from 
the sensitivity factor-corrected O 1s and C 1s core-level spectral area ratio, is 
discernible. Figures 6.12(c) to 6.12(e) show the C1s core-level spectra of the PAAc-g-
PET surfaces with different concentrations of the carboxyl group. For the PAAc-g-
PET surfaces, the difference in the spectral area of the O-C=O component and that of 
the C-O component yields the area of the O-C=O component associated with the 
grafted AAc polymer. Thus, the number of AAc repeat units per repeat unit of PET 
within the sampling depth of the XPS technique (about 7.5 nm in an organic matrix 
(Kang et al., 1996)) can be calculated from the following expression: 
  
|MAAc/MPET| =10 × [(O-C=O area) – (C-O area)]/{total C 1s area – 3 × 
[(O-C=O area) – (C-O area)]} 
(6.1) 
The C1s core-level spectra in Figures 6.12(c) to 6.12(e) revealed that the peak 
component area associated with the O-C=O species increases, while that associated 
with the C-O species decreases accordingly, consistent with an increase in surface 






Figures 6.12(f) to 6.12(h) show the C1s core-level spectra of the GA-PAAc-g-PET 
surfaces with increasing galactose ligand concentration. The successful immobilization 
of the galactose ligands onto the PAAc-g-PET surface is indicated by the appearance 
of two new peak components at the BE’s of 287.6 eV and 285.7 eV, attributable to the 
CONH and the CN functional group, respectively (Muilenberg, 1977), and the 
substantial decrease in the O-C=O peak component intensity. The C1s lineshapes in 
Figures 6.12(f) to 6.12(h) suggest that the intensity of the peak components associated 
with the functional groups of galactose ligand increases, and that of the peak 
components associated with the functional groups of the PAAc-g-PET film decreases. 
Thus, the increase in galactose ligand concentration with the AAc monomer 
concentration used for graft copolymerization is also consistent with the results obtain 
from the reaction with TBO. 
 
6.2.2.5 Water contact angles of the modified PET surfaces 
The water contact angle of the pristine PET film is about 74° (Loh et al., 1995). With 
the increase in AAc polymer graft concentration, and thus the amount of the 
hydrophilic carboxyl groups, the water contact angle of the PET film decreases. With 
the increase in surface [COOH] concentration to about 0.03 µmol/cm2, the water 
contact angle decreases sharply to about 37°. The water contact angle decreases further, 
albeit more gradually, at higher [COOH] concentrations (Figure 6.13(a)). On the other 
hand, the water contact angle increases slightly after immobilization of the galactose 
ligand, as the latter is less hydrophilic than the AAc polymer (Figure 6.13(b)). The 
galactose ligand concentration is dependent on the surface graft concentration of the 
AAc polymer. The concentration of the latter, in turn, is dependent on the AAc 
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Figure 6.13 Effects of the carboxyl group and galactose ligand concentration on 
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maximum functionalization of the PET surface can be achieved, under the present 
experimental conditions, by adjusting the AAc monomer concentration used for graft 
copolymerization. It has been reported that increasing the wettability of a material 
surface to water, as indicated by the decreasing water contact angle, promotes cell 
attachment (Maroudas, 1975).  
 
6.2.2.6 Surface morphology of the PAAc-g-PET and GA-PAAc-g-PET films 
The surface morphology of the pristine, the plasma-pretreated, the PAAc-grafted, and 
the galactose ligand-immobilized PET films was studied by atomic force microscopy 
(AFM). Figure 6.14 shows that the surface morphology of the film changes 
substantially as a result of the argon plasma treatment and the subsequent graft-
copolymerization and immobilization process. The root mean square surface roughness 
(Ra) of the pristine PET surface is about 0.6 nm (Figure 6.14(a)). For the PET surface 
pretreated with Ar plasma for 30 s, the Ra value increases to about 31 nm (Figure 
6.14(b)). The increase in surface roughness may be due to the etching effect of plasma 
treatment. After graft-copolymerization with AAc, the surface roughness decreases to 
about 13 nm for the PAAc-g-PET surface with 0.03 µmol/cm2 of the carboxyl groups 
(Figure 6.14(c)) or to about 4 nm for the PAAc-g-PET surface with 0.56 µmol/cm2 of 
the carboxyl groups (Figure 6.14(d)). The phenomenon suggests that the graft chains 
exist as an overlayer on the PET surface. The surface roughness decreases further with 
the subsequent immobilization of the galactose ligands. For instance, the roughness 
decreases from 4 nm for the PAAc-g-PET surface with 0.56 µmol/cm2 of the carboxyl 
groups (Figure 6.14(d)) to about 3 nm upon incorporation of 0.51 µmol/cm2 of the 
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Figure 6.14 AFM images of (a) the pristine PET film, (b) the plasma-pretreated 
PET film, the PAAc-g-PET film with surface carboxyl group concentrations of 
(c) 0.03 µmol/cm2, (d) 0.56 µmol/cm2, and (e) the GA-PAAc-g-PET film with a 





6.2.2.7 Hepatocyte attachment 
The extent of hepatocyte attachment to the PAAc-g-PET and GA-PAAc-g-PET films 
was determined after 1 h of culture at 37°C in William's Medium E supplemented with 
1 mg/mL BSA. Collagen-coated PET films were used as controls. To compare the 
attachment of hepatocytes cultured on different PET surfaces, a fixed cell seeding 
density of 2 × 105 cells/cm2 was selected by considering the fact that a high cell 
seeding density is desirable in the BLAD application and in obtaining functional tissue 
constructs (Yang et al., 2001). 
 
The results of hepatocyte attachment are shown in Figure 6.15.  After 1 h of incubation 
at 37°C, the hepatocytes exhibit the lowest affinities to the pristine PET surface (Type 
1 surface). The extent of attachment was below 20% of the seeding density. 
Hepatocytes cultured on the PAAc-g-PET surfaces (Type 2 and Type 3 surfaces) in the 
absence of the galactose ligands show higher affinities, with attachment rate of below 
60%. On the other hand, for the GA-PAAc-g-PET surfaces, the hepatocytes exhibit the 
relative low affinity to the GA-PAAc-g-PET film with only 0.47 × 10-3 µmol/cm2 of 
the galactose ligand concentration (Type 4 surface), with an attachment rate of below 
40%. This phenomenon suggests that at low galactose density, the specific interactions 
between the galactose ligands and the asialoglycoprotein receptors on the hepatocyte 
surface are not strong enough to improve the cell attachment. In addition, due to the 
competitive effect, the galactose ligands reduce the interaction between the PAAc side 
chains with hepatocytes, thus resulting in a relative low cell attachment.  In contrast, 
for the GA-PAAc-g-PET surfaces with galactose ligand concentrations higher than 




























Type of Surface 
Figure 6.15 Hepatocyte attachment on different surfaces: (1) the pristine PET 
surface; the PAAc-g-PET surfaces with a COOH concentration of (2) 0.03 
µmol/cm2 and (3) 0.56 µmol/cm2; the GA-PAAc-g-PET surfaces with galactose 
ligand concentrations of (4) 0.47 × 10-3 µmol/cm2, (5) 0.02 µmol/cm2 and (6) 0.51 






these surfaces (>75%). The extents of cell attachment on these GA-PAAc-g-PET 
surfaces are also comparable to that on the collagen-coated PET surface (77%, Type 7 
surface). The high extents of cell attachment to the GA-PAAc-g-PET surfaces may be 
due to the high concentration of the galactose ligand and the high mobility of the 
galactose ligands on the surfaces, as well as the interactions between the galactose 
ligand and the cell surface (Kobayashi et al., 1992; Yang et al., 2002). The PAAc 
chains also serve as spacers to enhance the mobility of the immobilized ligands.  A 
combination of these three factors has led to the efficient attachment of the hepatocytes 
on the GA-PAAc-g-PET surfaces (Griffith and Lopina, 1998). 
 
6.2.2.8 Morphology of the hepatocytes cultured on the GA-PAAc-g-PET surfaces  
After just one day of culture, hepatocytes on different GA-PAAc-g-PET films have 
adopted different morphologies. The results are shown in the optical microscope 
images in Figure 6.16(a) to Figure 6.16(d). On the GA-PAAc-g-PET films with a high 
galactose ligand concentration (above 0.02 µmol/cm2), hepatocytes form aggregates 
(Figure 6.16(b)). Spheroids appear on the surface with 0.51 µmol/cm2 of the galactose 
ligand concentration (Figure 6.16(c)). For hepatocytes cultured on the GA-PAAc-g-
PET films with a low galactose ligand concentration, the morphology is less regular 
(Figure 6.16(a)).  The cells cultured on the collagen-coated PET film form a confluent 
monolayer. The differences in morphology of the hepatocytes on different surfaces 
became even more apparent on Day 4 (Figure 6.16(e) to Figure 6.16(h)). The 
hepatocytes on the GA-PAAc-g-PET films with a low galactose ligand concentration 
probably have a limited ability to migrate on the surface due to the higher roughness of 
the surface and lower spacer concentration. They appear mostly as round single cells 














Figure 6.16 Optical microscope images (100×) of the Day 1 morphology of the 
hepatocytes cultured on the GA-PAAc-g-PET substrates with galactose ligand
concentrations of (a) 0.47×10-3 µmol/cm2, (b) 0.02 µmol/cm2, (c) 0.51 µmol/cm2, 
and on (d) the collagen-coated PET film. The Day 4 morphology of the 
hepatocytes cultured on the corresponding GA-PAAc-g-PET and collagen-





hepatocytes on the GA-PAAc-g-PET surface with a high galactose ligand 
concentration and a low surface roughness will be able to migrate more effectively, 
resulting in the formation of large aggregates or spheroids.  Very few isolated cells or 
small aggregates remain on the surface. On the collagen-coated surface, the 
hepatocytes maintain the characteristic monolayer morphology (Yamada et al., 1998). 
Finally, in the absence of the galactose ligands, the hepatocytes exist only as round 
single cells, with a few loosely associated aggregates, on the PAAc-g-PET surfaces, 
despite the initial affinity of these surfaces for the hepatocytes. This observation is 
consistent with the presence of specific interactions between the galactose ligand and 
the hepatocyte surface in promoting the cell attachment and growth. 
 
6.2.2.9 Albumin synthesis function of the hepatocytes cultured on different 
surfaces 
The physiological activity of the immobilized hepatocytes was determined from the 
level of albumin synthesis as a function of time (Figure 6.17).  The levels of albumin 
synthesis of the hepatocytes cultured for 6 days on the GA-PAAc-g-PET surfaces with 
different galactose ligand concentrations were evaluated. From Day 1 to Day 3, the 
albumin synthesis function of the hepatocytes cultured on most substrates decreases 
continuously. The albumin synthesis function of the hepatocytes cultured on the 
collagen-coated PET surface (Curve 4) exhibits the slowest decrease. From Day 4 to 
Day 6, however, the albumin synthesis function of the hepatocytes cultured on the GA-
PAAc-g-PET surfaces stages a recovery. The albumin synthesis function of the 
hepatocytes cultured on the GA-PAAc-g-PET surface with 0.51 µmol/cm2 of galactose 
ligand even returns to its initial level (Curve 3, Day 6). The restoration of the albumin 
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Figure 6.17 Time-dependent albumin synthesis function of the hepatocytes 
cultured on the GA-PAAc-g-PET surfaces with galactose ligand concentrations of 
(1) 0.47×10-3 µmol/cm2, (2) 0.02 µmol/cm2, (3) 0.51 µmol/cm2, and on (4) the 





contrast, the albumin synthesis function of the hepatocytes cultured on the collagen-
coated PET surface deteriorates rapidly after Day 4, suggesting the aggregated or 
spheroid cell morphology is important to the physiological function of the cell. In 
general, during the first four days of culture, the physiological function of the 
hepatocytes cultured on the collagen-coated PET surface (Curve 4) is superior to that 
of the hepatocytes cultured on the other surfaces. However, the protein synthesis 
function of the hepatocytes cultured on the GA-PAAc-g-PET surface with 0.51 
µmol/cm2 of the galactose ligand concentration is highest among all the surfaces after 
6 days. The hepatocytes cultured on the GA-PAAc-g-PET surfaces generally have a 
more stable albumin synthesis function than those cultured on the collagen-coated PET 
surface, and the albumin synthesis function of the hepatocytes also improves with the 
increase in the galactose ligand concentration. These phenomena may be attributed to 
the formation of hepatocyte spheroids and multi-cellular aggregates, which are helpful 
to the maintenance of the albumin synthesis function.  
 
6.2.2.10 Urea synthesis function of the hepatocytes cultured on different surfaces 
Figure 6.18 shows the urea synthesis function of the hepatocytes immobilized on the 
GA-PAAc-g-PET surfaces as a function of time. For the GA-PAAc-g-PET surfaces 
with high galactose ligand concentrations of 0.02 and 0.51 µmol/cm2 (Curve 2 and 
Curve 3, respectively), the initial urea synthesis function is comparable to that of the 
collagen-coated PET surface (Curve 4). Except for the hepatocytes cultured on the 
surface with the highest galactose ligand concentration of 0.51 µmol/cm2, the urea 
synthesis function for all the other surfaces decreases continuously over time. From 
Day 3 onward, the urea synthesis function of the hepatocytes cultured on the GA-





































Figure 6.18 Time-dependent urea synthesis function of the hepatocytes cultured on 
the GA-PAAc-g-PET surfaces with galactose ligand concentrations of (1) 0.47×10-3 






starts to deteriorate, although the urea synthesis function of this surface is still the 
highest among all the surfaces. In general, the hepatocytes cultured on the GA-PAAc-
g-PET surface with a higher galactose ligand concentration exhibit a high extent of cell 
attachment and form multi-cellular aggregates. As a result, the hepatocyte function 
(urea synthesis) is maintained at a higher level. A high urea concentration, in turn, will 
probably suppress the urea synthesis function, returning the urea concentration to a 
lower level after Day 3. Thus, the retention of physiological functions, such as albumin 
and urea synthesis, is probably associated with the improved cell-substrates 
interactions which have facilitated the formation of hepatocyte spheroids or aggregates. 
 
Cell-substrate interaction is a key parameter in regulating cellular activity and 
morphology on many tissue engineering systems.  Understanding the mechanism of 
regulation of the hepatocyte behavior by the substrate is crucial to the design of a 
suitable scaffold for maintaining optimal hepatocyte function and viability. A 
chemically well-defined substrate described in this report is expected to facilitate the 
mechanistic studies. It allows a systematic evaluation of the effect of the surface 
chemical composition of the substrate, such as the nature and concentration of the 
functional groups, on the cell-substrate interactions.  These interactions have a direct 
effect on the attachment and growth of cells, the cell morphology and the physiological 







UV-induced surface graft copolymerization of the Ar plasma-pretreated PET films 
with AAc was carried out to generate the PAAc-g-PET surfaces. Immobilization of the 
galactose ligand on the PAAc-g-PET surface gave rise to a hepatocyte-specific surface 
with a high surface concentration of the flexible galactose ligands. The galactosylated 
PAAc-g-PET (GA-PAAc-g-PET) surface allowed efficient hepatocyte attachment and 
promoted the aggregate or spheroid formation of the attached cells. The albumin and 
urea synthesis function of the hepatocytes cultured on the GA-PAAc-g-PET substrates 
were superior to that of hepatocytes cultured on the collagen-coated PET surface. Thus, 
this hepatocyte-specific biomacromolecular substrate is potentially useful to liver 
tissue engineering, or to the design of bioartificial liver assist devices. Most important 
of all, the present work offers an alternative approach to surface modification and bio-
functionalization. Surface modification of PET substrates with galactose ligands 
allows a good control of the hepatocyte attachment, the cell-substrate interactions, and 















Firstly, in this work, new graft copolymers, PAAc-g-PVDF, P4VP-g-PVDF and 
PNIPAAM-g-PVDF copolymers were successfully synthesized through the molecular 
graft copolymerization of AAc, 4VP, N-isopropylacrylamide respectively with the 
ozone-preactivated PVDF backbone. The stimuli-responsive MF membranes prepared 
from the respective copolymers of different graft concentrations by the phase inversion 
technique in water showed enrichment of the AAc, 4VP, and NIPAAM smart polymer 
in the surface region, respectively. The permeation properties of the three kinds of 
stimuli-responsive microfiltration membranes were then investigated. 
 
For the pH-sensitive PAAc-g-PVDF MF membranes, the flux of the aqueous solution 
through the membranes exhibited a strong and reversible dependence on solution pH in 
the pH range of 1 to 6. The rate of permeation through the PAAc-g-PVDF MF 
membranes changed reversibly in response to pH variation of the aqueous solution, 
with the most drastic change in permeation rate occurring between pH 2 to 4.  
 
The PAAc-g-PVDF and the P4VP-g-PVDF MF membranes were cast by phase 
inversion technique in aqueous coagulation baths of various pH values. The surface 
graft concentration of the AAc polymer for the PAAc-g-PVDF MF membrane 
increased with decreasing pH value of the coagulation bath. A completely opposite 
pH-dependent behavior was observed for the surface graft concentration of the 4VP 
polymer in the P4VP-g-PVDF MF membranes. In the case of the P4VP-g-PVDF MF 
membranes, a substantial increase in mean pore size was observed for membranes cast 
in low pH (acidic) baths. Thus, MF membranes with different surface composition 
(graft concentration) and mean pore size could be obtained from the same copolymer 
by adjusting pH of the casting bath. The flux of aqueous solutions through both the 
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PAAc-g-PVDF and P4VP-g-PVDF MF membranes was pH-dependent, albeit in the 
opposite manner. 
 
For the temperature-sensitive PNIPAAM-g-PVDF MF membranes, the membrane 
surface composition, mean pore size and morphology varied with the temperature of 
the casting bath.  Furthermore, the flux of water through the membranes, cast at 
temperatures below the LCST (32°C) of the NIPAAM polymer, exhibited a strong and 
reversible dependence on permeate temperature in the range of 4 to 55°C. On the other 
hand, although the flux of water through the PNIPAAM-g-PVDF MF membranes cast 
at temperatures above the LCST was temperature independent, the permeation of 
isopropanol through the PNIPAAM-g-PVDF MF membranes exhibited a reversible 
temperature-dependent behavior.  
 
Another category of membranes, the PAAc-g-PVDF/PNIPAAM MF blend membranes, 
were prepared from NMP solutions containing different blend ratios of PAAc-g-PVDF 
and PNIPAAM by phase inversion in water at 25°C. The blend membranes showed 
enrichment of the grafted AAc polymer and blended PNIPAAM segments in the 
surface region. The copolymer blend membranes exhibited both pH-dependent and 
temperature-sensitive permeability to the aqueous solutions, with the most drastic 
change in permeability being observed at permeate pH between 2 to 4 and temperature 
around 32°C.  Thus, solution blending of the copolymer with another stimulus-
responsive polymer, followed by phase inversion, is a relatively simple method to 




Secondly, it was also demonstrated that the PAAc-g-PVDF MF membrane could be 
further functionalized by covalent immobilization of an enzyme, glucose oxidase 
(GOD). The immobilization proceeded via amide linkage formation between the 
amino groups of GOD and the activated carboxyl groups of the AAc polymer side 
chains on the surfaces, including the pore surfaces, of the PAAc-g-PVDF MF 
membrane. The covalently immobilized enzyme still retained 30-40% of its activity, in 
comparison to the free form. The activity of GOD immobilized on the PAAc-g-PVDF 
membranes exhibited a less critical dependence on solution pH and temperature 
around the optimum solution pH of 4.8 and temperature of 35°C. The storage stability 
of the immobilized GOD in a buffer solution was also enhanced over that of the free 
enzyme. The Michealis constant (Km) of the immobilized GOD was higher than that of 
the free GOD, while the maximum reaction velocity (Vmax) of the immobilized GOD 
was lower than that of the free GOD.  
 
Finally, UV-induced surface graft copolymerization of the Ar plasma-pretreated PET 
films with AAc was carried out to generate the PAAc-g-PET surfaces. Immobilization 
of the galactose ligand on the PAAc-g-PET surface gave rise to a hepatocyte-specific 
surface with a high surface concentration of the flexible galactose ligands. The amount 
of the galactose ligands immobilized on the PET surface increased with the AAc 
polymer graft concentration. The galactosylated PAAc-g-PET (GA-PAAc-g-PET) 
surface allowed efficient hepatocyte attachment and promoted the aggregate or 
spheroid formation of the attached cells. At a surface carboxyl group concentration of 
about 0.56 µmol/cm2, or galactose ligand concentration of about 0.51 µmol/cm2, the 
hepatocyte culture on the galactosylated surface exhibited the optimum concentration 
and physiological functions, and formed aggregates or spheroids after just one day of 
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culture. The albumin and urea synthesis function of the hepatocytes cultured on the 
GA-PAAc-g-PET substrates were superior to that of hepatocytes cultured on the 
collagen-coated PET surface. Thus, this hepatocyte-specific biomacromolecular 
substrate is potentially useful to liver tissue engineering, or to the design of 
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